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PREFACE

* This report concerns a problem that is crucial to the scientific and
i 1 i technological efforts of the nation, namely, to determine the level of

* .critical evaluation needed to meet our national needs for reliable
scientific data. The report deals specifically with the critical evalu-
ation of numerical data, a special aspect of the more general question
of communication of information in an evermore complex society. This
is not a new problem, and indeed it has been studied a number of times
betore. Invariably such studies have concluded that the activity was
grossly underfunded. To date, however, little budgetary action has
resulted.

The suggestion of still another study in this area originated in a
letter from Sidney Benson (then at Stanford Research Institute and now

4 at the University of Southern California) to National Academy of Sciences
President Philip Handler in 1973. Its planning was encouraged by the
National Science Foundation (NSF), its eventual sponsor. After strong
support by the Numerical Data Advisory Board of the National Research
Council, the proposed study was endorsed by the Executive Committee of
the Assembly of Mathematical and Physical Sciences (AMPS) in March 1975,
funding for the stud- was secured from NSF, and the present committee
was appointed to carry it out.

Three objectives of the Committee's work, as spelled out in the pro-
A. posal to NSF were (1) to survey the organizations that currently carry

out critical data evaluation and determine the present level of funding
for such activities; (2) to study the role of organized data collections
and the required depth cF evaluation of the data in previous R&D programs
and assess the benefits of such activities relative to their cost; (3)
to identify current and future data needs in major national R&D programs,
particularly those concerned with energy, environmental quality, and
materials utilization.

Aside from bringing knowledge of existing activities and needs up to
date, as in the first and last objectives, the study was planned to im-
prove on its precursors, insofar as possible, by thp inclusion of more
specific information, notably in respect to the cost/benefit investiga-
tions of particular data evaluation programs.

Although this report addresses only U.S. activities, it should be
borne in mind that a number of other countries--particularly Germany,
the United Kingdom, Japan, and the Soviet Union--have substantial
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government-supported data programs. Furthermore, several organizations,
such as the International Atomic Energy Agency and the ICSU Committee
on Data for Science and Technology (CODATA), play an active role. Cur-
rent U.S. data programs appear to be well coordinated with efforts in
other countr es. It is important that this coordination continue, so
that U.S. scientists and engineers can take maximum advantage of work
done elsewhere.

The organization of the Committee's work was greatly assisted by
Will:.an Spindel, Executive Secretary of the Office of Chemistry and
Chemical Technology, National Research Council, and Hendrik van Olphen,
Executive Secretary of the Numerical Data Advisory Board until March

'S, 1977. Everett Johnson, Consultant, gathered most of the detailed infor-
mation and prepared the initial draft report. Robert S. Marvin, Execu-
tive Secretary of the Numerical Data Advisory Board from April 1977
through February 1978, is responsible for the organization and most of
the writing of the final report.

Walter H. Stockmayer, Chairman
Committee on Data Needs

• -I
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SUMMARY

AND MAJOR RECOMMENDATIONS

1. SUMMARY

Reliable values of numerical data that express in quantitative terms
the properties and behavior of materials are essential in all branches
of science and technology and are needed to arrive at valid decisions

whenever a governmental or industrial decision involves elements of
science and technology. The scientific literature contains many valu-

able data covering a wide range of diverse fields. Unfortunately, it
also contains many erroneous values. A substantial intellectual effort

is required to select reliable values from the large and growing total

of those reported,(eee Section 3.1).

The selection of the best available values for data in a given field

requires the background of a specialist in that field. Most users are
not specialists in all the fields in which they require data. Further-
more it is inefficient for many individuals who need the same data for
different purposes to each go through this selection process.

For this reason, a number of specialized data cEnters have been

established to compile and evaluate data in a systematic fashion.
Typically, such a center gathers all the data applicable to its limited
area, assesses the validity of the measurements on which these data
are based, selects recommended or best values, and attempts to estimate

how far the 'true" values are from those recommended. These results
are then published and made available to all who need them Z§ee Chapter

4

The cost of this evaluation in established data centers is a fraction
of 1 percent of the cost of obtaining the original data*4ese-Chapter 5).

The benefits to the nation of having compilations of reliable data
readily available are substantial. Such compilations save time for
engineers and scientists in research and developmen. If the reliability
of a needed set of data is known, designs can be made more precise,
tolerances reduced, and R&D options narrowed. The resulting savings
can amount each year to from one to several thousand times the cost of
evaluation (see Chapter 6).

The present level of data evaliation activities is about one third
to one half that needed to carry out activities planned for the next
five years by federal agencies with major mission responsibilities that
require the use of relial]e scientific data (see Chapter 7). These

o _ .-- . - =" i,""... . .... . . . .. . .. . . . . . . .. .....< - . .... .+.L ,'. ' ' 'i '-,.. 1
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same data will be used by industry also, but the benefits of evaluated
data are spread among so many users that the major responsibility for
financing their acquisition must rest with the federal government (see
Chapter 8).

1.2 MAJOR RECOMMENDATIONS

our three major recommendations follow:

1. The present annual support for organized data evaluation activi-
ties of slightly under $7 million should be increased over a period of
five years to $18 million. For reasons outlined in Chapter 8 this sup-
port will have to come primarily from the federal government.

2. When a particular mission relies heavily on results from a field
of research, responsibility for data compilation and evaluation in that
field should be accepted by the agency responsible for the mission. The
office of Standard Reference Data of the National Bureau of Standards
should be responsible for categories of data of very broad utility and
for general coordination of the overall system.

3. Each agency should be required to place its responsibility for
data compilation and evaluation on one key official at a level high
enough to ensure that the agency's responsibilities in this area will
be fulfilled.

Additional recommendations appear in Chapter 8.



INTRODUCTION

~jK'~.The measurement of the inherent properties of substances and materials

has been a key element in the progress of science and the translation
of scientific understanding into useful technology. The data that re-
suit from these measurements represent a resource that can be used for a
variety of applications, often over a long time span. In today's world,

4 heavily dependent on science and technology, it is important to under-
stand the extent to which time and money are lost as a result of the
lack of reliable data needed by scientists and engineers for the accor.-
plishment of their work.

Unreliable data can be worse than no data at all. Their use can lead
to poorly conceived experimencs, ineffective or inefficient manufacturing
plants, and a waste of both effort and resources. To those studying
basic science or practicing its applications in technology, engineering,
and industry assurance of reliability of the data base is indispensable.

The importance of such assurance became apparent in the early days of
the modern age, when a consensus developed among astronomers that the
data of Tycho Brahe exceeded in accuracy and precision all of that ac-
cumulated in the previous millennium. This gave Kepler the confidence
needed to devise a model of the solar system consistent with Brahe's data
and provide the world with an entry into modern times.

Today, the quality of data may have more immediate effects. This was
clearly demonstrated during the development of fission reactor~s, which
in turn were crucial to nuclear-weapon development. Initially the pos-
sibility that graphite reactors could be made to work depended entirely
on the capture cross section of neutrons in carbon. Until it was con-
firmed that this neutron absorption cross section was quantitatively
small enough so that graphite could be used as a moderator for reactors,
no support could be committed for a major development project. Fermi's
1940 measurement of the carbon capture cross section provided the as-
surance necessary for the support, leading soon thereafter to the Hanford
plutonium production reactors.

Another option for use as a moderator was deuteriumn, but here the U.S.
measurement program was inadequate to guarantee the success of a heavy-
water reactor. In Germany, an erroneous measurement of the carbon cross
section, and moraover an erroneous evaluation of this measurement as
dependable, effectively stopped their reactor program because the other
alternative--heavy water--required a much more extensive industrial effort.

3
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During the course of the Manhattan Project, significant efforts
were expended on the evaluation of various nuclear constants. Some of
the more critical ones were the fission cross sections, the number of
neutrons per fission, and the capture cross sections of certain fission
product isotopes, such as 13 5Xe. The importance of evaluation lay in
the fact that often several measurements by different methods differed
by amounts highly critical to design, or in some cases even feasibility,
of nuclear-weapon or reactor systems.

In contrast to the above example dealing with an urgent national need
and having a well-defined path from science to application, the importance
of evaluated data to scientific understanding can be exempliFied in
Maria Goeppert-Mayer's elucidation of the shell model of the nucleus,
which led to her sharing the Nobel Prize in 1963 with Jensen. In this
case, the intimations that the nucleus had a well-defined shell struc-
ture had been studied inconclusively for nearly two decades by many
scientists. The large masses of data of different kinds in part only
confused matters, but as systematic evaluation proceeded, it was pos-
sible to place more and more confidence in the precision and reliability
of the many thousands of data values and, finally, to produce a sound
theory.

It should be noted that this was accomplished in a short period of
time, at least in part because of the systematic data evaluation that
either existed or was done by Goeppert-Mayer herself; statements (per-
haps apocryphal) to this effect are often attributed directly to her.
Just a hundred years earlier, a s-milar situation with respect to atomic
structure instead of nucloar structure led Mendeleyev (and Lothar Meyer)
to propose the periodic table of the chemical elements. Again this was
possible only because of the systematic evaluation of a large body of
often inadequate and discrepant data to determine its quantitative re-
liability and therefore applicability.

These examples are illustrative of the power of having a reliable
data base in science and technology. Its credibility must be estab-
lished by systematic professional evaluation of the initial raw infor-
mation derived from experiment. Such major codifications and
integrations of knowledge as those described for nuclear and atomic
structure not only benefit fundamental science but establish a capability
for quantitative interpolation, extrapolation, and new directions of
understanding that are particularly effective when applied to technology
and engineering.

The interdisciplinary nature of much of modern technology is self-

evident. Solid-state physicists require data generated by crystallog-
raphers, metallurgists, chemists, and other physicists. Nuclear
engineers must have not only nuclear-physics data but also nuclear-
chemistry, mechanical-property, solid-state, and metallurgical data.
Credible, reliable data immediately at hand optimize the utilization
of scientific knowledge for technological purposes.

This report attempts to place in perspective the cost of generating
physical and chemical data through laboratory measurements and of evalu-
ating such data and prepa ing compilations of reliable data that are
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readily accessible to a wide variety of users. An estimate will be
made of the benefits to the nation that accrue from support of such
compilation and evaluation activities, and, finally a projection of fu-
ture needs for reliable data in support of major national programs will
be made.

!4
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SURVEY OF DATA EVALUATION ACTIVITY

3.1 CRITICALLY EVALUATED DATA

In this report we discuss critically evaluat d data, sometimes termed
standard reference data. "Data" as used he: neans the quantitative
results of scientific measurements that ca e reproduced at other lo-
cations and times.

Our attention will be focused on data that represent inherent material
properties. Such data rarely are numbers read directly from a labora-
tory instrument. Rather, such numbers must be used in a calculation,
based on theory, to obtain the value for the material proper-ty sought
and more often than not require the use of other numbers not measured
in the experiment, such as a density, a molecular weight, or a value
for the acceleration of gravity. A part of the process of critical
evaluation involves checking the report of the work to make sure that
both the appropriate theory and the best values of the various constants

required have been used. Another part involves checking the description
of the experimental arrangement used, to ensure that the temperature,
pressure, and other ambient conditions were adequately controlled and
that proper corrections were made where required.

Another aspect of critical evaluation is ascertaining that the
sample of material measured was actually representative of the material
of interest. Sometimes chemical purity alone is sufficient to ensure
this, but often structural details of the sample affect the measured
values. Thus, the requirements for a properly characterized sample
depend on the property being measured. This characterization may re-
quire a specification of the sample history, for example, the thermal or
mechanical treatment to which the sample has been subjected.

In addition, the reported property values can be checked against
those of related properties of the same material. There are often re-
lationships between various properties that must be satisfied. If they
are not satisfied the evaluator must decide which measurement was in
error. Based on such analyses of all the reported results, a recom-
mended or "best" value is selected.

Finally, a full critical evaluation includes a quantitative as-
sessment of the effect of various sources of error or uncertainty and
gives a range about the recommended value within which the "true"
value is expected to lie. one component of this uncertainty is

6
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the precision of the measurements, representing the reproducibility
attainable. But the more important contribution is generally due to
systematic errors, which include inherent limitations in the construc-
tion and calibration of instruments and (often unavoidable) deviations
from the conditions assumed in the theory of the measurement. This is
often a subtle and difficult quantity to evaluate, and at times it can
only be estimated from a comparison of two quite different measurements
of the same quantity.

The most familiar examples of this type of evaluation are those in-
volving the fundamental constants such as the speed of light, for which
the total estimated uncertainties are a few parts per million or less. '
But it is the quantitative statement of uncertainty, not its magnitude,
that is significant here. An uncertainty of 10 percent may be quite
acceptable for many purposes if that uncertainty is known. The problem
is that for most of the data reported in the primary literature or
tabulated in handbooks, there is no consistent attempt to estimate the
uncertainty in the fashion described. It is quite common to find stated
uncertainties based entirely on the precision of the measurements in-
volved, and in such cases the difference between two measurements will
often be ten times the stated uncertainty of either. A few examples
will illustrate this point: .

(a) L. J. Kieffer [J. Chem. Documentation 9, 167, (1969)] found that
two independent measurements of the cross section for the ionization of
atomic helium differed by 25 percent, ten times the uncertainty estimated
by those making the measurements.

(b) Aksel A. Bothner-By (in Advances in Magnetic Resonance, Vol. I,
J. S. Waugh, ed., Academic Press, New York, 1965), concluded that 90
percent of the high-resolution NMR coupling constant data published in
the primary literature were so unreliable as to be not worth considering.

(c) H. J. M. Hanley and G. E. Childs [Science 159, 1114-1116 (8 March
1968)] concluded that the correct values for the viscosity of gases at
600 to 2000 K were 10 percent higher than those commonly accepted.

(d) R. W. Powell and Y. S. Touloukian [Science 181, 999-1008 (14 Sep-
tember 1973)], discussing the results of a critical evaluation of the
thermal conductivity of the elements carried out at the Thermophysical
Properties Research Center at Purdue University, pointed out that the
values selected and those listed in a respected and widely used handbook
differed by 18 percent or more for 22 elements. For 14 elements they
differed by 30 percent or more.

3.2 SOURCES OF DATAI

Most of the measurements of interest here are published in one of the
established professional journals dealing with physics, chemistry, or
engineering. We have no definite figures on the number of articles
that contain data on material properties, but a high percentage will
contain data, theory, or contributions to techniques of measurement
that would be of concern to someone carrying out a critical evaluation
of the type described above.



In 1976, Chemical Abstracts (C.A.) covered a total of 390,905 documents
(not including patents) of which about 328,000 were journal articles,
about 84,000 of them published in U.S. journals (figures from Russel
Rowlett and Paul Swartzentruber of Chemical Abstracts Service). These
figures probably include most, though certainly not all, articles that
would be needed for a critical evaluation of data on some material
property. On the other hand, there is a small but unknown fraction of
these articles that would not be pertinent. Since we are interested
only in an indication of the magnitude of the total problem, rather than
a precise measure, we may assume that there are somewhat over 300,000
articles published in the world annually that have some bearing on the
critical evaluation of material properties.

The above number will probably continue to grow, though at a slower
rate than it did during the 1960's. In fact, the number of documents
in C.A. decreased by 1329 from 1975 to 1976. King Research, Inc., has
recently published Statistical Indicators of Scientific and Technical
Communication (1960-1980), 1977 edition, NTIS: PB 278-279 (Price Code
A-16), in which they project the rates of growth of scholarly articles
published in the United States in several fields of science. For the

_41 five-year period 1975-1980 they project a total growth in the number of
articles in the physical sciences as 7 percent; in engineering, 19 per-
cent; and in life sciences, 29 percent (see their Table 3.3). The rate
of growth in some other countries has been greater in recent years.
The growth in numbers of articles in C.A. from 1972 through 1976 was

17 percent, but the percentage from U.S. journals has declined steadily
from 36.6 percent in 1951 to 25~.8 percent in 1975. Since we must in-
clude articles published in other countries and some outside the physical
science category of the King Survey, we assume that the number of arti-
cles of concern to us will continue to increase at an average rate of
2 percent per year.

4 The C.A. Collective Indexes show a total of 3,085,199 documents
covered over the period 1967 through 1976. This would include 2,580,000
journal articles if the percentage has remained constant over this pe-
riod. Since we find (see Chapter 7) that existing data centers have an
average backlog of two years and cover less than half of the fields in

4 which data evaluation is needed, it seems reasonable to assume that
over 2 million of these articles remain to be searched and their data
extracted and analyzed.

To summarize, we are concerned with about 300,000 published articles
per year, increasing by about 2 percent a year, plus an existing back-
log of over 2 million older articles.

3.3 EXAMPLES OF EVALUATED DATA

To illustrate both the scientific contributions and the practical im-
portance of critical evaluation, we give examples covering two types of
data, chemical reaction rate constants and thermal conductivity.
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3. 3. 1 A Chemical Reaction Rate Constant

The reaction

CO + OH CO, + H

IS a basi chain p ojagat inq mechanism in tile combustion of all organic
fuels ind is the principal oxidizing reaction for carbon monoxide. It

plays a signifirant rule in the wdter-gas reaction, in air pollution,

and in atmospitartc chemistry. Reliable values; of the rate constant

and its temperature dependence are needed for atmospheric modeling, for

incinerator design, and for many other industrial problems involving

combustion. Figur e 3.1 shows the values f this constant available, in

1976 (taken, with the ommission of some details, from 1. L. Baulch, ).
D. Drysda.le, J. Duxbury, and S. J. Grant, Evaluated Kinetic Ddtj tl
Hiqh Tempt-,ituitr keactions, Vol. 3, Buttersworths, Iondon, 1976), with

the solid line .howing the values recommended on the basis of a r itial
evaluation.

*[ • The first problem here is to decide which of the grossly d is ordant

values at temperatures below 500 K (1)A T-1 2) should be ised , and

this rejui rts detailed study of the various measurements by a .je Ita l t.
Another problem facing a nonspecialist is the fact that standard reau-
tion rate theory leads to the texpectation of Arrhenius-type behavior,
which would correslond to a single straight line on this i,ct. To fIt

these data in such a fashion orit- would probably use a represenatlqin

something like one, of the two dashed lines shown (added to the fiqui,

from Baulch et aL.). Indeed, lines quite similar to both of th ,t

shown had been proposed in earlier studies. Some of the difftrence.

shown are over two orders of magnitude (note the logaritlmic scale or
the ordinate), and extrapolation to lower temperatures would yield an

even greater discrepancy. The low-temperature range is the one- important

in atmospheric modeling.
In 1972, J. E. Wilson, Jr. [1. Phus. Chem. Ref. Data 1(2), 51h-574

(1972)] concluded that the extremely low values shown in Figure 3.1
* were in error. Baulch et a]. agreed and also utilized the zesalt>t ,t

a theoretical calculation published in 1971 which predicted that the

rate of this reaction should show a non-Arrhenius behavior. Th(.(

considerations, plus a detailed analysis of tile other measurement-.

shown, led to their recommended values shown by the solid line in

Figure 3.1. This example illustrates (1) the need for critical cvalua-
tion of data by experts, both to select the "best" values and to eliminate

those that are grossly in error; (2) the importance of considering the

best theories for the behavior of a given property (most earlier evalua-
tions, particularly those prior to 1972, had attempted to fit the avail-

able data with a single straight line, and were obviously unable to

represent all tile valid measurements); and (3) the need for periodic

re-examination of previously evaluated properties, in the light of
newer measurements and theories.
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3.3.2 Thermal Conductivity

Aluminum oxide is used to make radomes, missile nose cones, spark plug
cores, valve seats, resistor cores, circuit breakers, electrical in-
sulators, grinding wheels, crucibles, and many other items where its
excellent abrasion, chemical and thermal shock resistance, thermal con-
ductivity, mechanical strength, and dielectric characteristics are im-
portant. Obviously reliable values of thermal conductivity are required
in the design of many of these parts.

Figure 3.2 shows a plot of the rather discrepant values found in the
literature and the recommended values selected for a commercially avail-
able high-purity dense sample, based on the type of critical evaluation
described earlier (R. W. Powell, C. Y. Ho1, and P. E. Liley, Thermal
Conductivity of Selected Materials, NSRDS-NBS 8, p. 73, 1966). Note
that in this case the material characterization requires the specifica-
tion of purity, density, and the fact that the material is polycrystal-
line. In much of the temperature ranqe shown, the highest values shown
are eight times the lowest, and a nonspecialist would certainly have a

* ~. difficult time choosing a reliable value from those reported in the
original literature.

To show that such divergence is not peculiar to aluminum oxide, we
show in Figure 3.3 values for the thermal conductivity of copper, one
of the oldest and most extensively studied metals. Here the spread in
reported values is up to three orders of magnitude. (C. Y. Ho, R. W.
Powell, and P. E. Liley, "Thermal Conductivity of the Elements," J. Phys.
Chem. Ref. Data 3, Suppl. 1, 244, 1974).

These are not isolated examples. Similar cases can be found in every
issue of the Journal of Physical and Chemical Reference Data and in the
output of each of the data centers listed in Appendix A. They illustrate
graphically the problems facing an engineer or scientist if he or she
must rely on unevaluated research reports to find needed data on material
properties and the enormous consolidation and rectification of diverse
findings that is achieved by careful and systematic evaluation. We at-
tempt a quantitative assessment of the benefits of such activities in

* Chapter 6.



DATA AND INFORMATION CENTERS

4.1 DATA CENTERS

The process of critical evaluation described above requires a substan-
tial intellectual effort on the part of scientists with experience in
the field concerned. Generally, the most competent evaluators are
active participants in research or the materials and measurements in-
volved. Until some 40 or 50 years ago, some of the leading figures in
each field would devote a year or so at some stage in their careers to

carrying out such evaluations in their specialty, much as they might on
other occasions prepare a definitive review article. This was the

tional Critical Tables. The growing volume of the literature, however,
makes the maintenance of a comprehensive list of publications and ex-
traction of the data a task that can be carried out effectively only onI a continuing, long-term basis. For this reason, the last 30 years have
seen the gradual development of a number of continuing data centers.

A data center is a more or less permanent organization that accepts
the responsibility for accumulating the basic publications and other
sources of numerical data on material properties within a specified area.
It files and indexes these sources to permit ready retrieval of the
numerical data. It also normally carries out the function of critical
evaluation outlined above and may also permit its files to be used by
others concerned with data evaluation in its field.

We have identified 37 such continuing data centers, listed in Ap-
pendix A. They vary in size from 1 to 26 professionals, with budgets
ranging from $3000 to $1,200,000 per year. Two are supported by in-
dustrial groups, the others primarily by various branches of the federal
government. Not all these centers perform the entire task of literature
searching, data extraction, and critical evaluation. Some, like the
Physical Data Group at Lawrence Livermore Laboratory, do not search the
literature; their data are supplied by other centers both here and
abroad, and they are primarily concerned with critical evaluation and
preparation of convenient tables of data. Other groups, such as the
National Nuclear Data Center, search and extract data from the litera-
ture and provide critically evaluated data; they also calculate and
prepare tables of nuclear data in a form most suitable for those engaged
in nuclear reactor design and operation. All 37 centers listed do carry
out critical evaluation of data in their field.

14
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Periodically, when the data covering a reasonable range of properties
and/or materials are evaluated, a complete account is published, giving
the original data and references, discussing shortcomings and strengths
in the various measurements, and, finally, giving a set of recommended
or "best" values with an estimate of the uncertainties in such values.
Such a process represents an enormous consolidation and condensation of
the original literature, as will be discussed in more quantitative terms
in the next chapter.

The various data centers use other means of presenting their results
to meet special needs. All of them maintain files of their evaluated
data, and many have established computerized storage and retrieval
schemes. From these files they frequently assemble tables of selected
values for particular purposes, answer specific inquiries about data,
and prepare various special publications addressed to those who need
selected portions of the data. In some cases data are available on
computer tapes, which can be purchased or leased.

Most of these data centers, as well as a number of short-term data
projects, are part of the National Standard Reference Data System
(NSRDS), which was established by the Federal Council on Science and
Technology (FCST) in 1963. The FCST designated the National Bureau of

* Standards (NBS) as the focal point in the federal government for promot-
ing and coordinating the critical evaluation of numerical data in the
physical sciences. The "Standard Reference Data Act," Public Law 90-396,
passed by Congress in 1968 further emphasized the central role of NBS in
this System.

The Office of Standard Reference Data (OSRD), established at NBS in
1963, has tha responsibility for allocating that part of the NBS budget
that is speat on critical data evaluation, both within the NBS technical
divisions and through contracts with outside groups. The staff members
act as monitors for all projects supported by the Office. They maintain
close contact with other data-compilation activities, both in the United
States and abroad, and attempt to avoid needless duplication and to im-
prove coveraqe of all important technical areas. The Numerical Data
Advisory Board of the National Research Council was established to pro-
vide guidance to OSRD and to other federal agencies concerning their data
problems; it carries out various studies to determine the status of the
field, identify problem areas, and suggest solutions.

The major data publication, supervised and edited by the staff of OSRD,
is the quarterly Journal of Physical and Chemical Reference Data (JPCRD),
published jointly since 1972 by OSRD, the American Institute of Physics,
and the American Chemical Society. By the end of 1977 (Vol. 6), it had
published 109 articles in 6877 pages plus three supplements with a total
of 1979 par(,s. In addition, OSRD has published another 78 papers in other
NBS public,,ton series or private journals and has prepared several data
tapes. Indi 'idual articles from the JPCRD are also available for sale.
All the JPCRD volumes and supplements are available on microfilm as well
as in hard copy.
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4.2 INFORMATION ANALYSIS CENTERS

The data activities discussed in this report constitute a subclass of a
larger set of activities dealing with scientific and technical information.
There are many organized centers that collect, analyze, and consolidate
technical information of various types. The Directory of Federally
Supported Information Analysis Centers (3rd edition, 1974), compiled by
the National Referral Center of the Library of Congress (available from
NTIS, ISBN 0-8444-0128-5), lists 108 such centers. These include most
of the 37 centers listed in Appendix A but also include many others that
do not deal with material properties or do not carry out data evaluation.
For example, one compiles meteorological data, another compiles and
analyzes data on mineral resources, and another on hearing, language,
speech, and communication disorders. One center collects, evaluates,
and disseminates information related to machining operations on all types
of materials, another serves a similar role in the field of nondestruc-
tive testing. Though some of these centers collect and disseminate
material properties data and others evaluate various types of informa-
tion we have included in this study only centers that evaluate data on
material properties.



5
COST OF DATA ACQUISITION AND CRITICAL EVALUATION

one of the chief objectives of this study is to establish both the costs
and the benefits of critically evaluated data. The cost figures given
in this chapter are for an operating data center that has already
established its basic files and procedures for searching the literature
in its field, identifying and procuring articles of interest, extract-
ing the data, filing and indexing articles (and, in some cases, data
from the articles) for ready retrieval, and evaluating the data. it
would take much longer for an individual without established files to
locate and extract data, and critical evaluation would probably take
longer for someone without prior experience in evaluation, even though
such an individual might have all the experimental and theoretical back-
ground required.

The 37 centers listed in Appendix A locate and add to their files a
total of 65,000 documents per year. This represents only those docu-
ments selected as pertinent to their mission, as a result of examining
a much larger number. The budgets of these 37 centers total $6,798,000
per year. Since most of the time and expense for an established center
goes into evaluation, rather than locating and filing documents, the
cost of locating, cataloging, and filing material in a fashion that
permits ready retrieval for evaluation is only a fraction of the average
of $100 per document required for the full process.

Of much greater significance is the average cost of evaluation of a
group of data points that are presented as a unit. This "unit" will
vary with the type of data considered; it may be a reaction rate or some
other property as a function of temperature, pressure, or concentration.
In other cases, it may be a tabulation of related properties, like various
thermodynamic properties of a particular compound. In practice, the
original presentations of evaluated data seem to be in terms of "units"
that are reasonable to use for the comparisons made here.

obviously, there is considerable variation in the number of primary
references used to derive a unit of data and, consequently, in the cost
of evaluation. Y. S. Touloukian, Director of the Center for Information
and Numerical Data Analysis and Synthesis (CINDAS) estimates the cost of
deriving a typical curve showing the thermal conductivity of aluminum as
a function of temperature as $22,000 (private communication). This in-
volved analysis of 71 references and covered a temperature range of over
900 kelvins.

17
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David Garvin, Director of the Kinetic Data Center at NBS, estimates
the average time required to evaluate a single reaction rate constant as
a function of temperature as one man-week, varying from two days to four
weeks (private communication). This involves the time of a PhD with at
least five years' experience, which corresponds to a cost (including
overhead) of about $1000.

The Joint Army Navy Air Force (JANAF) Thermochemical Tables data
center effort has been in operation for approximately 16 years at a
total cost of $2,300,000 [estimate by J. Masi at the Air Force Office
of Scientific Research (AFOSR)] and has produced 2239 data sheets. This
again represents a cost of about $1000 per data sheet (such a sheet
serving as a unit in this case).

The Thermodynamic Data Center at NBS has been engaged since 1952 in
the revision of NBS Circular 500, which covers thermodynamic data at one
standard temperature on all elements, inorganic, and simple organic com-
pounds. An estimate based on its funding and output since 1964 gives
a figure of $800 per data sheet.

We shall use an estimate of $1000 as the average cost of evaluation
and compilation of one unit of data. To put this cost in perspective,
we now attempt to estimate the cost of the original research on which a
typical evaluation was based. A count of the number of references
and units of data in 12 papers from the Journal of Physical and Chemical

Reference Data yields an average of 9.6 papers per unit, with a high
of 27.3 and a low of 2.0. We shall use a rounded figure of 10 references
for the average.

J. D. Frame and F. N. Narin (Federation Proceedings 35(14), 2529-
2532, 1976), based on a study of tie relationship of NIH grants to uni-
versities and the publications resulting from such grants, arrived at an
estimated cost per paper of $31,000 in 1967 dollars. Base6 on the GNP
Implicit Price Deflator (Statistical Tndicators, loc. cit., Table 2.12),
this translates into $52,000 1976 dollars.

H. S. Milton, in Cost of Research index: 1920-65 (quoted by D. J.
deSolla Price in Science and Technology, October 1967) gives a price tag
of $20,000 for basic research papers in all fields worldwide. This
would correspond to $34,000 in 1976 dollars.

An average of one paper per man-year is often used. For example,
figures given by L. G. Burchinal (Journal of Library Science, 14(2),
June 1977) and by A. H. Rosenfeld and P. R. Stevens (Proc. 5th Interna-
tional CODATA Conference, Pergamon Press, New York, 1977, pp. 19-23)
yield about this number, and it is consistent with the experience in
several national laboratories. Using a median annual salary in the
physical sciences in 1976 of $22,600 (Stat. Ind., loc. cit., Table 2.10),
and allowing for 100 percent overhead, this gives a cost of $45,000 ner
paper.

We shall use the median of these figures, $45,000, as an estimate of
the cost of research reported in a single paler used in evaluation of a
unit of data. There is an additional publication cost per paper of
about $400 (H. W. Koch, Phcsics Today, April 1968, pp. 41-49).

Thus, the -'ata reported in ten papers representinq an initial research
cost of $450,0,', and an additional publication cost of $4000 can be eval-
uated, summarized in one "unit" of data, and mide readily accessible



19

wherever needed for an additional expenditure of $1000. The cost of a
comprehensive program of data collection and evaluation would be less
than 0.2 percent of expenditures for basic research, since not all such
research deals with material properties. And it is a much smaller frac-
tion of total R&D expenses, since basic research accounts for only 13
percent of those costs (NSF 77-310, National Patterns of R&D Resources;
Funds and Manpower in the United States, 1953-1977).

In the next chapter we demonstrate that the importance of this activ-
ity far outweighs its modest cost.

iI.

4,
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BENEFITS OF SYSTEMATICALLY EVALUATED DATA

Reliable data are required in all aspects of research and development
and in the design of most products, industrial plants, and processes.
They are also needed to assess the need for and impact of governmental
programs and regulations concerned with all types of environmental,
safety, and health questions.

6.1 GENERAL

In most cases data are needed on a wide range of properties and materials.
At the request of the Committee on Data Needs, the Task Group for Scientific
and Technical Information of the Industrial Research Institute, Inc. (IRI)
conducted a survey of the data needs of 243 companies belonging to IRI.
The 75 responses represented the categories of industrial chemical,
electrical/electronic, packaging/paper, equipment/steel, food/drug, and
personal care/home product companies. The 14 fields covered by the
questionnaire were atomic structure, microstructure (two levels), thermo-
dynamic, thermal, mechanical and acoustic, optical, electrical, magnetic,
dielectric, nuclear (radiation damage), chemical and electrochemical,
biological, and surface properties. Despite the diversity in categories
and fields, some companies in each category indicated a need for data
in each of the fields except for dielectric properties (one category)
and radiation damage (two categories) (see Appendix B).

An earlier survey by the Materials Information Committee of the
Federation of Materials Societies (quoted in Materials Policy Handbook
prepared by the Science Policy Research Division, congressional Research
Service, Library of Congress, June 1977, Superintendent of Documents,
90-443) concluded that there is a broad recognition of the critical im-
portance of materials information, including, but not limited to, data,
and that improvements are needed in the evaluation, condensation, and
presentation of such data.

The most obvious benefit of systematically evaluated and readily
available compilations of recognized reliability is that their existence
eliminates the need for repetitious searching of the literature by many
workers to find and select the same values. The cost in each case is
equal to or greater than that of having the job done once in an estab-
lished center and then made available to all. In the case of the JANAF

20
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Tables, mentioned in Chapter 5, which are incorporated into many computer
files, the savings each year are several thousand times the cost of
evaluation.

Conyers Herring (Appendix to Report of the Task Group on the Economics
of Primary Publication, Committee on Scientific and Technical Communica-
tion, NAS-NAE, 1970, p. 119) concluded after a survey of several studies
that research chemists spend an average of five hours or more a week read-
ing the primary journals, with less time spent by research scientists in
other fields and by engineers. If an average of one hour per week, or
fifty hours per year, could be saved by having comprehensive compilations
of reliable data available, this would amount to (50/2000) x $45,000=
$1125 per man per year. (The figure of $45,000 is from Stat. Ind., loc.
cit., Table 2.1 + 100% overhead.) For the 82,600 physical scientists
and engineers engaged in basic and applied research in 1974, this would
come to $93 million per year.

This type of ca~culation gives a narrow picture of the benefits of a
data evaluation prog±L-"m, because much larger savings can come from the
use of reliable data as compared with questionable data. If the relia-

4. bility of the data is known, designs can be made more precise, tolerances
reduced, and R&D options narrowed. The wasteful practice of overdesigning
industrial plants to allow for uncertainties in the data can be minimized.
This is particularly important today, since rising costs have led to

4 strong pressures to eliminate the pilot plant and prototype development
stages by which design parameters have traditionally been optimized.
More and more decisions in all sectors of U.S. industry are being made
on the basis of mathematical modeling and simulation, utilizing the
capabilities of the modern digital computers.

The availability of reliable data bases for input to these models is
translated into direct savings both in capital investment for plants and
equipment and in operating costs. In addition, other important con-
straints such as minimizing energy consumption and avoiding the discharge
of environmental pollutants require accurate data for input into the de-
sign programs.

Howard B. Hipkin, a senior engineer with the Bechtel Corporation, says
(letter dated March 2, 1977) ". . . inadequate or unreliable data are re-
flected in excessive but undefined safety factors in design. While it
is fairly easy to establish the money lost on a plant that does not work,
it is virtually impossible to estimate the money lost on a plant that
works well but is overdesigned." Even if we cannot quantify these sav-
ings, the total costs are so large that even a small percentage saved
is significant.

Petroleum refineries are about 95 percent energy efficient, signifi-
cantly better than most other industrial plants. An important contribu-
tion to reaching this level has come from American Petroleum Institute
Research Project 44, started in 1942 and other data acquisition and
evaluation projects sponsored both by API and various individual companies.
Project 44 is now absorbed the Thermodynamics Research Center at Texas
A&M University and has lon , . en recognized as the source of much of the
data needed by the industry.

There is another significant benefit that comes from the existence of
a systematic program of data evaluation. An established data center can
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use its files and experience to prepare special compilations in a short
time. This time saving can be extremely important when new regulations
or legislation dealing with environmental, health, or safety problems
are under consideration. In such cases it is also extremely important
that the data used be recognized as reliable and from an authoritative
source. The formal publication by data centers of their evaluated data,
with full documentation, gives assurance that such values are the best

* available.
We have not attempted to set any total dollar figures on these bene-

fits, but we give below some specific illustrations of savings in both
money and time resulting from the availability of data in existing

centers.I 6.2 DESIGN OF NUCLEAR REACTORS

The National Nuclear Data Center at Brookhaven is an outgrowth of an
effort by the Atomic Energy Commission to systematize data handling in
the early days of atomic power. It compiles and evaluates data and also
calculates various quantities used in the design of nuclear power plants,
thus ensuring that various designs are based on a common set of data.

* one of the factors calculated, based on data for the radioactive decay
of various fission products, has until recently had an associated uncer-

* tainty of 20 percent. Examination of the data showed the need for new
measurements, which have now been made, permitting a reduction in the
above uncertainty to 6 percent. This, in turn, results in a savings
of at least $10 million per reactor (letter of March 22, 1977, from the
Director, NNDC). This amounts to a saving of $710 million for the 71
reactors now under construction and a total saving of $1.5 billion if
the additional 76 reactors with limited authorization or on order are
included. (Numbers of reactors from Status of U.S. Nuclear Electric
Generating Capacity, Divison of Nuclear Research and Applications,
ERDA, March 1, 1977.)

Other important sets of figures from the National Nuclear Data Center
are the cross sections for neutron capture by fission products. These

* affect reactor criticality and hence the amount of uranium-235 needed
per reactor. A recent re-evaluation has reduced the uncertainty in
these cross sections by 10 percent, for a saving of $2 million per
reactor (letter from Director, NNDC, loc. cit.). This is a fuel sav-
ing of 5 percent, valued at $294 million for the 147 reactors under
construction or planned.

These savings should be contrasted with the estimate [by P. B.
Hemmig, Chief, Physics Branch, Division of Reactor Development Demon-
stration, ERDA (now part of the Department of Energy)] of $50 million
spent on all nuclear data compilation activity since its inception
about 1950.

6.3 DEVELOPMENT OF ROCKLT FUELS

The JANAF Tables, mentioned in Chapter 5, were started in 1960 to meet
the need for a central source of reliable thermochemical data for the
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development of high-performance rocket engines. The need was dramatized
by the failure of an intensive effort in the early 1950's to develop

rocket fuels containing boron compounds, which had looked promising on
the basis of the original information available. One of the problems

was that the then accepted value for the heat of formation of gaseous

metaboric acid, HBO 2 , was significantly in error, but this error was

discovered only after the expenditure of considerable time and money.
This was but one of many thermochemical values of uncertain reliability
on which optimistic calculations and proposals for new fuels were based.

A central source was needed to collect and evaluate existing data,
select recommended values, assign uncertainties to these values, and
point out cases where new measurements were required to resolve existing
discrepancies.

Since 1960, the JANAF Tables have been prepared and published at an
estimated cost through 1976 of $2.3 million, an average of about $140,000
per sear. They are now incorporated into computer programs at all the
major rocket research and development centers. They are also widely
used in research on chemicals, explosives, lasers, and many other areas

4unrelated to the original motivation for the projtct.
In this example we want to concentrate on the potential savings that

can be made if it is possible to screen out unworkable systems, like the
boron fuels mentioned, on the basis of calculations using reliable data,
without incurring the large costs required in testing a new fuel system.
The procedure for testing a proposed propellant involves 12 or more tests
using charges of increasing size from 15 to 800 pounds before proceed-
ing to a test with a 2000-pound charge. The costs for the initial tests,
up to 800 pounds, range from $200,000 to $1,800,000, depending on the
type of propellant. (Personal communication from Robert Geisler, A.F.
Rocket Propulsion Laboratory, Edwards Air Force Base, California.) The
total cost of the JANAF Tables from 1960 to 1976 was $2.3 million, less
than the cost of two series of tests at the upper end of this range and
14 at the lower end. It is highly likely that without the JANAF Tables
or some equivalent source of reliable thermochemical data the HBO2 ex-
ample would have been repeated *tany times between 1960 and 1970.

6.4 STRATOSPHERIC OZONE PROBLEM

In recent years there has been widespread concern over the extent to
which the ozone concentration in the stratosphere might be reduced by
the regular operation of a large number of supersonic transports and by

the continued release to the atmosphere of substantial quantities of
chlorofluoromethanes used in many aerosol spray cans. The Climatic
Impact Committee of the NdLional Research Council carried out extended
studies on both of these problems. These studies involved mathematical
modeling of 91 out of more than 200 known chemical reactions that occur
in the stratosphere, and the seleution of the key reactions required
reliable values for the reaction rate constants for each.

These constants were obtained from a table of some 250 constants pro-
vided by the Chemical Kinetics Information Center at NBS, which was
started in 1962. With their extensive files and the experience developed

logo
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over this period, the Center was able to provide these critically
evaluated constants in a short time. Without them, according to a member
of the Panel on Atmospheric Chemistry, Frederick Kaufman (Univerlity of
Pittsburgh), ". . we would have had to gather and evaluate a huge volume
of scientific data ourselves, and this large added task would have made
it nearly impossible to complete the required Panel and Committee reports
within the allotted time. . .Many months' work by several senior investi-
gators and many tens of thousands of dollars would likely have been in-
volved."

Perhaps of even greater importance is the fact that the values selected
for these key constants had been thoroughly documented in the initial
evaluations and were recognized as the best available. When there is
widespread controversy over a proposal, such as that to ban SST's or
aerosol sprays, both the advocates and opponents have a natural tendency
to select the data that support their position. We saw in Chapter 3 the
enormous variations that are often found in values of reaction rate con-
stants. Without an authoritative and generally accepted set of values,

.it could easily become politically impossible to reach any decision re-
quiring new legislation or regulations.

Cases of this type will probably occur with increasing frequency be-
cause of our growing concern for environmental protection, regulation of
hazards, and problems of safety. Thus, data from the Chemical Kinetics
Information Center, and from many other centers, will no doubt be in
heavy demand in the future.

In summary, funds spent for data evaluation frequently result in
savings that are greater thai the cost by factors of up to several
thousand. In additicn, Lne existence of recognized sources of reliable
data can save significant amounts of time and help resolve complex argu-
ments in many cases where new legislative or regulatory proposals are
under consideration. The unsolved problem is how to allocate a portion
of these widely dispersed savings to cover the costs of additional
evaluation needed for the future.
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CURRENT ACTIVITIES AND NEEDS

7.1 ACTIVITIES OUTSIDE ORGANIZED DATA CENTERS

Although most critical data evaluation is carried out within, or with the
collaboration of, an organized data center, some is done on an intermit-
tent or occasional basis in various university and industrial labora-
tories. To explore one aspect of such activity, we sent a questionnaire
to 30 industrial research organizations that were thought likely to carry
out data evaluation in connection with their federal contract research.

ATen replies, summarized in Appendix C, were received. We see that only
4 about 20 percent of these results were published in the open literature

or communicated to an established data center (with, probably, consider-
able overlap), and only 40 percent were reported to the sponsoring

agency. Thus it appears that the results of over half of these efforts
were not made available to the genera] scientific community in any form.

A number uf data compilation activities, involving selection of data
if not a full critical evaluation, are carried out or sponsored by in-
dividual companies and voluntary associations like the Copper Develop-
ment Association. Industrial companies also finance the participation
of their personnel in various organizations such as the American Society
for Testing and Materials, which often consider material properties data
in the process of drafting standards and specifications.

*The above are two examples of data collected by industrial companies
and the voluntary organizations that they support that might have much
broader uses than those leadinq to their compilation. Such data might
willingly be released by the companies concerned. An assessment of
the extent and value of this potential source should be useful, but
this would clearly require a separate study.

7.2 CURRENT STATUS OF ORGANIZED DATA CENTERS

The 37 continuing data centers listed in Appendix A noerate at an annual
level (FY 1977) of almost $6.8 million. The total funds from various
sources are given in Table 7.1. Over 90 percent comes from agencies
of the federal government. The dominant positions of the Departments
of Energy and of Commerce in this listing reflect their responsibilities
for nuclear data and for the operation of the National Standard Reference

Data System, respectively.

25
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It should be recognized that the research obligations listed here
cover programs in many fields. For example, 90 percent of the research
financed by the National Institutes of Health is in the life sciences.
Almost 50 percent of the basic research of the Department of Commerce
and about 80 percent of that of the Department of the Interior are in the
environmental sciences. Both of these fields have data needs and activi-
ties not covered in this report. It is fair to note, however, that the
National Science Foundation and the National Aeronautics and Space Admin-
istration, with about 25 and 60 percent, respectively, of their basic re-
search budgets in the physical sciences, seem to give little attention
to the compilation and evaluation of data from the research they support.

In some cases, the funds for data evaluation come from the R&D budgets
shown. In others, they come from budgets for scientific and technical
information or other categories not shown. The purpose of including the
R&D obligations here is to demonstrate that for most of the large mission-
oriented agencies the amounts devoted to data evaluation are such a small
fraction of any part of the R&D budgets that their importance to the suc-
cess of the whole R&D mission may easily be overlooked.

Most of the existing centers are unable to keep up with the evaluation
of current publications in their fields. Thus, 32 centers with annual
budgets totaling $6.2 million report that increases to a total of $11.6
million would be required to keep pace with current material. In addition,
28 centers with annual budgets totaling $4.9 million report backlogs
whose elimination would require an additional $9.8 million, corresponding
to an average of two years' operations. In some areas, the backlog is
over five years. We estimate that about $13 million (total) is needed to
overcome this backlog in existing centers. Our conclusions as to the
expa:sion of activity needed to increase the coverage of existing cen-
ters and to cover fields with no activities at presont are given in
Chapter 8.

7.3 EVALUATED DATA NF.I)S FOR NATIONAL. PROORAMS

Our primary concern in this -e,:tion ]s to est im, tt thu. likely eeds for
evaluated data in [ruot ams of major nat ,,nal inr, t ither now ill 1og-

ress or projected for tlie near futurf . '1i a o'tmiiish thi s wt first
examine the appl icabili ty of tht output of tlt ,x]:st inu data _-entel s to
scientific and te?'hnical iponrams of vari, us< ft doetal ie no ioes. Table 7.2
gives a (doutless; incom l,to,) listinq of tecIi(al t slam:l is whlch the
products of variouis dat a :iters are uLsed AdI ] t aqe)f it. -oncerned

with such 'Ito'msl,, nl t ll Ic uses of Il,, oif its4 ost (tlter;:

is a tell ln'; arrimnti f,,r a !*yst ematic |pro~lti m , at a , tat ion.

It is much mor, dif - ilft lo [re d l.I the, mt .0- t o T data ill f!iturt, R&D
programs. Inde,-d, "XI (r iencti ia!- shown. that rI tciilaia stt a ot data
can suddenly becom, imp or tant tot rtasons that i-ii d r( t have been an-

ticipated in any normal I iann iiiq procuss. 1;1 xpf., te.d data n( e'ds may
also arise as netw field;r of :w-t' nc- t-mexojg . }how,tvr, by stldyll)q the
long-range .lanning doirm,,it-; of fede.ral aein s it is ptOssible to

identify ctrtain brad ,-ivo,,,s of data that havy, a ,hg1i T obablity of
being needed, ,ot-ri t ,ith t - f r. s'k:t-t V,.; arid ;u u,{ rt l-s cannot be
pinpoirt(d WithI 'a taT Vt V
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TABLE 7.2 R&D Application--Data Center Interaction Matrix

Data Center User Application Agency

Communication

Atomic Transition Laser R&D
Probabilities Nuclear fusion research

Atomic Line Shapes Plasma physics DOD,NASA,
and Shifts Astronomy DOE,NSF,

Atomic Collision Cross Space research EPA

Section Atmospheric and other
chemistry research

Theoretical chemical

and physics research

Energy conservation
All energy conversion

systems (geothermal,
solar, batteries, fuel

*cells, etc.)
Coal liquifaction and

gasification
All chemical plant design

Chemical Thermodynamics and operation
Center Heating and air conditioning

Electrolyte Data Center Nuclear and fossil-fuel
Texas A&M Thermodynamics power plants (design and DOD,DOT,

Research Center operation) DOE,

Cryogenic Data Center Rocket and missile development EPA,
Thermophysical Properties Water-quality control NASA,

Research Center Aircraft and space-vehicle HEW
JANAF Thermochemical design

Tables All engine design (steam,
Thermochemistry for diesel, gasoline)

Steel Making Industrial pollution
Molten Salts Data Iron and steel production

Center Nonferrous alloy production
All ore separation and

reduction processes
Saline water conversion
Petrochemicals
Petroleum refining
Thermal and sound insulation
Exotic power systems

---"-.... ...- --,- -.. . ...... ..- ---...... ........- --- - "-- --
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TABLE 7.2 (cont.)

Data Center User Application Agency

Magnet development
High Pressure Data Center Corrosion
Alloy Data Center Nonferrous alloys
Diffusion in Metals Data Alloy research DOE,

Center Materials research DOD,
Superconductive Materials Electrical transmission NSF

n Data Center Electronics
Solid-state research

Breeder reactors
Accelerators

All nuclear reactor design
National Nuclear Data Controlled fusion research

Center Nuclear weapons systems
Gamma Ray Spectrum Biological and medical

Catalogue research
Physical Data Group X-ray technology
'luclear Data Project Radiation shielding DOE,HEW,
Controlled Fusion Atomic Chemical research NASA,DOD,

Data Center Theoretical and experimental EPA
Photo Nuclear Data nuclear-physics research

Center Accelerator research and
Table of Isotopes design

Project Metalurgical research
Berkeley Particle Data Nuclear regulation

Center Geological dating

Environmental protection
Space exploration and

• research

Exotic power systems

Geological research
Oil and gas mining and
development

Phase Diagrams for Ore exploration and extraction

Ceramists Coatings DOI, DOE,
Electrolyte Data Center Solid-state research U.S. Geo-
National Center for Forensic chemistry logical

Thermodynamic Data Inorganic materials Survey
on Minerals production

Rare Earth Information Electronics
Center Mining R&D

Crystal Data Center Ceramics and glass R&D
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TABLE 7.2 (cont.)

Data Center User Application Agency

Coal liquifaction
Coal gasification
All chemical research
Environmetnal pollution
Exotic power systems
Explosives
Electronics

Chemical Kinetics Data Internal combusion engine DODNIH,
Center research

Battery research, electro- NASA,DOE
chemistry

Rocket and torpedo propel-

lant research
Medical and biological

research

Production of heavy
chemicals

Pharmaceutical research
Industrial pollution
Agricultural pollution
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TABLE 7.3 Some Data Needs in Current Federal R&D Programs and Their
Current Degree of Critical Evaluation

Level of
Present Data Evaluative

Relevance Center Activity Activity in
to Federal in the the United

Types of Data R&D Programsa United Statesb Statesc

1. Thermodynamic Data: Energy and Equilibrium

Phase equilibria 2a,2d,2i,2j,3k,4b, A8,Bl,B2,B3,B4,B5, 1
and solubility 4k,4n, 5a,6f,6n,7a, B8,BlO,Bil,B12 ,B13,

7c,7d B14

Equilibrium at le,2d,2i,2j,4b,4c, B7 2
high pressures 4f,4i,4k,5d

Equilibrium at le,2g,2i,2j,4b,4c, B9 2
high tempera- 4f,4i,4k
tures

Compressibilities 2i,2j,4b,4k B4,B7 2
* (all states of

matter)

Heat capacities 2d,2i,2j,4b,4k B2,B4,B5,B6,Bl4 2
and entropies

Heats of formation 2a,2c,2d,2e,2i,2j, B2,B4,B6,Bll,B14 2
and combustion 41b,4d,4f,4i,4k,6c

Chemical 2d,2i,2j,3d,4d,4f, B2,B3,B4,B9,B12 2
equilibria 4s,6c,6n,7a,7g

Electrochemical 2e,2i,2j,4n,4s6c B2,B3 I
(cell potentials)

Surface tensions 2i,2j,4b,4m,6b,6c A6 1
and energies

2. Atomic, Molecla- and Crystal Structure

Mass spectra lc,2j,3i,4a,4b,4c, A3,A4 2
4f,Gb ,61 ,6m, 7a, 7b,
7 c 7d

X-ray and 1Ic, Id, lo,2j,4a,4b, AI,A2,A3,A9,AlG 2
uv spectr-a 4c,4f,4q,6b,61,6m,

7a , 7b , 7c , 7d

ViSible c;jtetra Ic, d, le_ j,4a,4b, Al,A2,A3,AlG,Cl, 2

1, 7(- 7(1
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TABLE 7.3 (cant.)

Level of
Present Data Evaluative

Relevance Center Activity Activity in
to Federal in the the United

Types of Data R&D Programsa United Statesb Statesc

hTfrared and lc,ld,lg,2j,4a,4b, Dl 1
mic:rowave 5a,6b,61 ,6m, 7a,7b,
> p(ctra 7c,7d

NMI, a'nd ESR 2j,3i,4a,4b,6b,61, A7 1
.qpectra 6m,7a,7b,7c,7d

Photoelectron lc,ld,2j,4a,4b,6b, A3,A4 1
spectra, ESCA 6c,6l,6m,7a,7b,7c

Dipole moments 4b,6b,6c 0

Atomic and 2j,6b,6c Al,Dl 1
molecular energy
levels

Molecular vi- lc,ld,2j,6b,6c 0
bration fre-
quencies

Crystal 2j,4b,4n,4s,5a,6b ci 2
structures

Molecular 2j,3g,4b,4s,5a,6b, Cl,Dl 1
structures 6c

3. Dynamical Data: Rates of Physical and Chemical Changes

Rates of gaseous lg,2e,2j,4d,4f,4i, A5 2
chemical re- 4k,41,4s,6c,61,7c
actions

Rates of photo- lc,ld,le,2b,2e,3f, A5 2
chemical re- 4b,4d,4s,5a,6l,7a,
actions 7b,7c,7d

Rates of ion- lc,ld,le,4d,Gk,6l, A5 2
molecule 6m
reactions

Rates of reaction 2j,4s,6c,6i,7a,7b, A6 1
in liquid 7c,7d
solution

Rates of heteroge- 2d,2j,4s,6c,6i,6n, 0

neous reactions, 7a,7b,7c,7d
catalysis
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TABLE 7.3 (cant.)

Level of
Present Data Evaluative

Relevance Center Activity Activity in
to Federal in the the United

Types of Data R&D Programsa United Statesb StatesC

Electrode 2e,2i,4s,6c 0
- -x kinetics

Enzyme kinetics 2c,3g,3k 0

Membrane kinetics 3g,3h,3k,31 0

Combustion 2a,2e,4f,4i,4k,4p, A5 1
kinetics 6h,7c,7h

Rates of phase 2d,2i,2j,4b,4n,4q, C2 1
changes (in- 7d,7f,5d
cluding
evaporation)

Biodegradation 2c,7a,7b,7c,7d,7f 0
rates

Viscosity of gases la,2e,4b,4c,4g,4i, B5,B6 2
and liquids 4j,4k,41,4q,6c,6h,

61,6g

Heat conductivity lc,2a,2d,2e,2i,4e, B5,B6 2
4i,4k,41,6g

Diffusivities 2d,2i,3g,4b,7c B5,B6,C2 2

Ion mobility 3g,4b A3,B3 2

4. Properties of Solids

Mechanical 2d,2i,4b,4i,4k,4r, B7 1
5a, 5d..6f,6g

Electrical 2i,4b,4r,5a B6,B15,C3 2

Magnetic le,2i,4b,4n,4r,5a B15,C4 1

Optical 2i,4b,4n,4r,5a B15 I

5. Nuclear Properties

Neutron cross 2f,2g,2i,4f,4g,6a, A14,A12 3
sections 6f

Nuclear structure 2g,2h,2i,Ga A14,All,A13 3

Photon interactions 2f,2g,2i,4f,4g A9,AlO,Al4 2
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TABLE 7.3 (cont.)

Level of
Present Data Evaluative

Relevance Center Activity Activity in
to Federal in the the United

Types of Data R&D Programsa United Statesb Statesc

Gamma-ray 2f,2g,2i,6a A9,All,Al4,AI5 3
spectra

Fundamental 2f,2i D2 3
particles

a
bFrom Appendix D.
bFrom Appendix A.
Ccode for last column: 3, adequate activity; 0, no activity or at

least no organized activity; 1 and 2, intermediate.
4,
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Our assessment of data needs of federal agencies for the near future
* was based on a study of the five-year planning documents of a few agencies

with major mission responsibilities that require the use of reliable sci-
* entific data in various areas. Appendix D lists some of these areas by

agency and illustrates the extremely broad range of scientific fields
that are involved in the developments and programs proposed.

En many cases several of the programs listed in Appendix D will re-
* quire data from the same field of science. Table 7.3 gives a sampling

of various scientific fields in which data evaluation should be proceed-
ing. The second column shows the various programs from Appendix D that
will require reliable data in these fields. Column 3 shows the existing
data centers with some activities in the fields listed in column 1.

Column 4 gives a subjective assessment of the adequacy of such coverage.
"Adequate" here means a judgment that the present coverage will probably
be sufficient for anticipated needs over the next few years. It does
not imply complete coverage of all data. Even with this definition it
is only in the nuclear properties area that any topics are considered
to be receiving adequate coverage at present.

The quantity of data available for evaluation varies considerably be-
tween the various scientific fields listed, as does the present level of
funding. Thus no simple averaging of the ratings assigned in Table 7.3
is justified. Nevertheless, this assessment indicates that the present
coverage is somewhere between one third and one half of that which
we anticipate will be needed for the effective operation of various
federal programs during the next five years.
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CONCLUSIONS AND RECOMMENDATIONS

The cost of operating the existing 37 data centers comes to just under
$7 million a year. We concluded in the previous chapter that a program
between two and three times the size of the present one is needed. This
would represent a commitment of about $18 million a year to cover the
data compilation and evaluation needs associated with present and pro-

- jected federal programs. An additional $13 million (total, not yearly),
representing about two years of operation at the current level, is re-
quired to catch up with the backlog in existing centers.

This conclusion is in reasonably good agreement with that reached by
a National Research Council Evaluation Panel for the Office of Standard
Reference Data in fiscal year 1975, which stated: "The Panel considers
the amount of $15 million [per year] as the appropriate funding level
for the National Standard Reference Data System program and an essential
minimum with which this nation can exploit effectively its several-
thousand-fold-larger annual investment in R&D."

The expansion of activities suggested here is based on the needs that
we foresee to accomplish projected federal programs, and most of its
cost should therefore be provided by the federal government. As demon-
strated in Tables 7.2 and 7.3 the output from an individual data center
is used by many different groups. In general, no single group can justify
the cost of operating a center for its own exclusive use, although it
is easily justified when the benefits to all users are considered.

Thus, to meet the goals set by the Federal Council on Science and
Technology in 1963 and by Congress in 1968 (see Chapter 4) we RECOMMEND
that the federal government increase its annual support for organized
data evaluation activities to $18 million over a period of five years.
We suggest as a reasonable schedule, an increase of $3 million a year
for the first three years and $1 million a year in the fourth and fifth
year.

Figure 8.1 shows one way in which these increases might be allocated
between new activities and elimination of the existing backlog.

In general, the most effective data center operations are those main-
taining close connections with active experimental programs in their fields.
Most of the centers are small one or two person operations. The creation
of the Office of Standard Reference Data (OSRD) at the National Bureau
of Standards has helped greatly in coordinating the work and increasing
the effectiveness of these small operations, in providing recognized

37
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FIGURE 8.1 Possible distribution of recommended increases. This
figure is intended only to suggest how the increases recommended might

* be used to achieve a reasonable growth of new activities while eliminat-
* ing the existing backlog. The actual division of funds in any existing

center would have to be worked out by that center and its sponsor(s)
to meet their needs.

outlets for their results, and in guiding users to the data sources
they need.

We conclude chat OSRD should retain primary responsibility for over-
seeing all data activities and for maintaining the basic publication
and dissemination program for evaluated data. However, it would be
unreasonable and unsound to suggest that the Department of Commerce
should therefore assume unilaterally the increased costs of an expanded
program. In addition, it .is clear from the experience of the National
Nuclear Data Center and the JANAF Tables project that close ties between
a data center and its primary customer are important.

Thus we RECOMME~ND that when a particulir misfion relies heavily on
results from a particular field of re'~carch, responsibility for data
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compilation and critical evaluation in that field should be assumed by
the agency responsible for that mission. This should include some support

for the data needs of basic science from the National Science Foundation.
When more than one mission or agency is involved in a particular field,

agreement should be reached on an appropriate division for the support
of data activities. Areas of general interest, not primarily associated
with any one mission, should remain the responsibility of the OSRD.

The figures in Table 7.1 suggest that this principle is not being applied

at present.
Table 7.1 also re-emphasizes the conclusion reached in Chapter 5 that

the cost of critical data evaluation is a small fraction of the total

federal research budget and a much smaller fraction of its total R&D
budget. Under these conditions, it is difficult to ensure that data

activities are not overlooked among the competing claims of much larger

activities.
For this reason, we RECOMMEND that each agency be required to place

its responsibility for data compilation and evaluation on one key of-

ficial at a level high enough to ensure that the agency's responsibilities
in this area will be fulfilled.

We saw in Section 7.1 that it is difficult to know whether data gen-

* erated in the private sector and available to those who know of its
existence are being utilized as widely as they should be. In addition,

there is a need for a periodic review of priorities among data needs,

by some group representing data generators, evaluators, and users,
including repre.3entatives from industry. The Numerical Data Advisory

Board (NDAB) of the National Research Council seems to be the logical
group to investigate such questions, particularly if it can broaden its

base of support and increase its contacts with federal agencies with
emerging data needs.

Thus, we RECOMMEND that the NDAB seek to broaden its contacts with
various federal agencies and accept the responsibility for periodic

reviews of priorities in data evaluation.
Further, we RECOMMEND that the ,AL)AB consider a study, or perhaps

a series of studies, of the whole area of effective data management and

* -- dissemination, including the extent and qeneral availability of data

produced by private efforts.



APPENDIX A

TABLE A.1 Data Analysis Centers in the United States

Center Sponsor Funding, FY 1977

A. Energy and Environmental Data

1. Atomic Energy Levels Data Center OSRD $ 72,000
ERDAa 50,000

2. Atomic Line Shapes and Shifts OSRD 16,000
ERDA 40,000

3. Atomic Collision Cross Section OSRD 145,000

NSF 55,000

4. Ion Energetics Data Center OSRD 65,000

(formerly Atomic and NIH 60,000
Molecular Ionization
Processes)

5. Chemical Kinetics Information OSRD 100,000
Center DOT and NASA 72,000

ERDA 100,000

6. Controlled Fusion Atomic ERDA 85,000
Data Center

7. Radiation Chemistry Data OSRD 51,000
Center ERDA 51,000

8. Molten Salts Data Center OSRD 37,000
NSF 30,000

9. X-Ray and Ionization OSRD 54,000
Radiation Data Center

10. Photo Nuclear Data Center OSRD 61,000

11. Table of Isotopes Project ERDA 200,000

12. Physical Data Group ERDA 350,000

NSF 35,000

40
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TABLE A.1 (cont.)

Center Sponsor Fundinq, FY 1977

13. Nuclear Data Project ERDA $ 700,000

14. National Nuclear Data ERDA 1,200,000
Center Electric Power

Research

Institute 100,000

15. Gamma Ray Spectrum Catalogue ERDA 25,000

16. Atomic Transition Probabilities OSRD 45,000
Center ERDA 40,000

B. Industrial Process Data

1. Phase Diagrams for Ceramics American
Ceramic Society 3,000

2. Chemical Thermodynamics Data OSRD 370,000

Center

3. Electrolyte Data Center OSRD 79,000

4. Texas A&M Thermodynamics OSRD 105,000
Research Center API 25,000

Sale of data 160,000
Texas A&M U. 157,000

5. Cryogenic Data Center OSRD 105,000
NASA 70,000
American Gas

Assoc. 32,000

6. Thermophysical Properties OSRD 114,000
Research Center DOD 250,000

ERDA 100,000
DOT 50,000
NSF 52,000

Payment for
service 75,000
Purdue Univer-
sity 70,000

7. High Pressure Data Center OSRD 35,000

Sale of Data 10,000

8. Alloy Data Center OSRD 62,000

9. JANAF Thermochemical Tables AFOSR 100,000
ERDA 80,000

10. Data on Theoretical Metallurgy HuMines 40,000

11. Thermochemistry for Steelmaking Int. Copper
Research Assoc. 20,000

_A62
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TABLE A.l (cont.)

Center Sponsor Funding, Fe 1977

12. Thermodynamic Research Laboratory
Data Center OSRD $ 90,000

13. Thermodynamic Properties of
Ethylene 0SRD 70,000

14. National Center for Thermo-
dynamic Data of Minerals USGS 90,000

15. Electronic Properties Infor- DSA (DOD) 150,000
mation Center OSRD 30,000

C. Materials Utilization Data

1. Crystal Data Center OSRD 80,000

2. Diffusion in Metals Data
Center OSRD 24,000

3. Superconductive Materials
Data Center OSRD 9,000

4. Rare Earth Information Center Industry 20,000

D. Physical Science Data

1. Microwave Spectral Data Center OSRD 56,000

2. Berkeley Particle Data Center OSRD 22,000
ERDA 200,000
NSF 35,000

a ERDA is now part of the Department of Energy.



APPENDIX B

NATIONAL RESEARCH COUNCIL
NUMERICAL DATA ADVISORY BOARD (NDAB)
COMMITTEE ON DATA NEEDS (CODAN)

4. INDUSTRIAL RESEARCH INSTITUTE (IRI)
TASK GROUP ON SCIENTIFIC & TECHNICAL INFORMATION
STUDY: IMPORTANCE OF EVALUATED DATA TO RESEARCH

& DEVELOPMENT

The Industrial Research Institute, Inc. (IRI), was founded in 1938,
under the auspices of the National Research Council, to provide a means
for coordinated study of organization and management of research and
development.

Currently, the 243 member companies in the aggregate represent a
major portion of the total industrial R&D effort in the United States.
Member companies are from most industries committed to R&D. The numbers
of professional scientists and engineers in member companies range from
under thirty to over several thousand.

As part of its program to define needs particularly for validated
data, the IRI Task Group for Scientific and Technical Information was
asked to survey the IRI member companies via a questionnaire. Of the
243 companies belonging to IRI, to whom the questionnaires were sent, 75
responded by the deadline to meet CODAN's report publication schedule
(31 percent response).

The 75 responding companies represented a number of industries. The
material received was divided by industry into six broad categories,
based on the major products manufactured:

1. Industrical chemicals, energy (petroleum, coal, etc.),
and metals 39%

2. Ele.ctrical/electronic, instrument, appliances 15%
3. Packaging/containers, paper products, coatings,

films/fabrics, glass 17%
4. Heavy equipment, steel products, rubber, transport 13%
5. Food, drugs, pharmaceuticals, diagnostics 8%
6. Personal, home care, detergents, toiletries 8%

100%

43
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Needs for numerical data in the categories listed below for use in
R&D were requested. The inference can be drawn from the accompanying
percentages that the use and need for data in industry is significant
in all categories. The apparent exception for nuclear radiation damage,
however, was found to be important in selected industries and not in
others.

Categories of Numberical Data (See Exhibit I) % Indicating Need

Atomic Structure (Crystallography and Defects) 61
Microstructure (Electron Microscope Level) 71
Microstructure (Optical Microscope Level) 65
Thermodynamic (Phase Equilibria, Change of State, etc.) 71
Thermal (Thermal Cond., Phonons, Diffusion, etc.) 61
Mechanical and Acoustic (Strength, Creep, Fatigue,

Damping, etc.) 57
Optical (Emission, Absorption, Luminescence, Excitation,

etc.) 73
Electrical (Cond., Electron Trans., Ionic Cond.,

Thermolec., Injection, Carrier Phen.) 44
Magnetic (Ferromagnetic, Resonance, Paramagnetic) 52
Dielectric (Ferroelectric, Breakdown, Loss,

Piezoelectric, etc.) 44
Nuclear (Radiation Damage) 16
Chemical & Electrochemical (Corrosion, Battery Phen.,

Oxidation, Flammability, etc.) 71
Biological (Toxicity, Biodegradibility, etc.) 68
Surfact (Absorption, Surface States, Catalysis) 68

For each type of data, the following questions were asked. The
average range of needs, covering all kinds of data, within an industry
product category is shown in ranges in parentheses.

Do you? (See Exhibit II)

1. Use numerical data for R&D? (25-65%)
2. Make literature searches for numerical data? (25-65%)
3. Compile data books for use of your employees? (15-25%)
4. Buy commercial or government data services? (15-35%)
5. Find validated data reduces project costs? (35-50%)
6. Find validated data improves project quality

significantly? (35-45%)
7. Do laboratory determination of nonproprietary

materials for validation? (35-60%, in selected
data areas)

8. Do laboratory determination of data of proprietary
materials to produce reliable data? (30-50%, in
selected data areas)

In response to the form in which the data would be useful:
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71% would search for data in literature references
65% could use data bank compilations
48% could use computerized data banks

The data received apparently substantiate the use of, need for, and
value of the various categories of validated numerical data. However,
it is worthy to note that several R&D directors, particularly of large
organizations, felt that adequate data resources do exist, that data
acquisition is not a major problem, and that extensive programs in data
deve' iment and validation would be difficult to justify.

Edward P. Bartkus
*E. I. du Pont de Nemours & Company

Information Systems Department
July 6, 1977
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APPENDIX C

NATIONAL RESEARCH COUNCIL

ASSEMBLY OF MATHEMATICAL AND 'li iSICA[ SCIENCI-ti

2101 Constitution Avenue, N.M., Washington 1) C 20418

OFFICE OF CHEMISTRY AND CHEMICAL TECHNOLOGY

NUMERICAL DATA ADVISORY BOARD

Committee on Data Needs

Dear Sir:

The National Research Council Committee on Data Needs (CODAN) (list of
members attached) was recently established under the aegis of the Numerical
Data Advisory Board, with support from the National Science Foundation, in
response to concerns from the scientific community regarding the current
level of support for the compilation and evaluation of physical and chemical
property data utilized in basic and applied research.

The Committee will analyze the significance of these data compilation and
evaluation programs with emphasis on their contribution to major R&D pro-
grams. This analysis will include an estimate of the benefit-cost ratio of data
evaluation to R&D. In addition, figures will be obtained on current Federal and
private support of data compilation and evaluation in the U.S., and compared
with an estimate of the data needs of major national R&D programs.

Major critical data evaluation programs are primarily carried out in certain
information analysis and data evaluation centers, However, it is recognized
that a considerable effort on critical data analysis may be expended as an inte-
gral part of externally funded contract R&D programs in the private sector.
This critical data -nalysis portion of the program might be explicitly cited as a
subtask of the ov, effort, or it might be accomplished under the umbrella
of the usual "Iibrary 'rch" associated with most R&D programs. By the
critical data analysis we mean an exhaustive literature search with in-depth
review of individual research publications, possible application of theoretical
considerations and deriving recommended numerical values. This might involve
"reinterpretation" of old data, due either to discovery of past errors, new in-
sights, or improved procedures.

T'e Naopinal Rrear,-h ( , h ; ?.m4ripa! npeahPg agen1cy of hhe Nat topal Academy of Staeces and the National Academy of Engineering
to Serve goverrunent .and other organization
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As part of the CODAN effort, it is important to estimate as accurately as
reasonable the fraction of research dollars which are used for such critical
data analysis. Furthermore, we wish to establish what fraction of this critical
data analysis reaches the open literature. The Committee wishes to evaluate the
effectiveness of this approach.

This letter is directed to a number of companies (see listing below) which carry
out considerable R&D supported by government funding agencies. Through the
enclosed questionnaire, we hope to obtain information of critical data evaluation
efforts expended as part of this type of R&D effort. Since the information pro-
vided will at least be partially proprietary, we pledge that such information
will only be seen in detail by the members of the Committee and the NRC staff

4. involved. The Committee will only publish figures and the names of companies
supplying information without associating individual companies with specific
figures.

It is our understanding that your laboratory is one where critical data analysis
for outside contract research projects is often carried out. We seek your aid
in helping CODAN accomplish its goals by filling out and returning the enclosed
questionnaire. A reply before April 1, 1977 would be appreciated.

Sincerely,

Kurt L. Wray
ML-nber of the NAS-NRC Committee on

Data Needs (CODAN)

enclosures

Replies received from:

Aerodyne Research, Inc. , Bedford, Mass.
Aeronautical Research Associates of Princeton, Inc. N.J.
Avco Everett Research Laboratory, Inc. , Everett, Mass.
Bell Aerospace Textron, Buffalo, N. Y.
Calspan Corporation, Buffalo, N. Y.
Hughes Research Laboratories, Malibu, Calif.
McDonnell Douglas Research Laboratories, St. Louis, Mo.
Northrup Research and Technology Center, Hawthorne, Calif.
Physical Sciences, Inc. , Woburn, Mass.
R & D Associates, Marina del Ray, Calif.



CODAN QUESTIONNAIRE

Return to: Dr. H. van Olphen
C ODAN Committee
National Academy of Sciences
2 101 Constitution Avenue
Washington, D. C. 20418

by April 1, 1977

1. Name of Laboratory:

2. Address:_____________

3. Total annual research dollars expended in externally funded contract

research: _________

4. Estimate total annual research dollars used to carry out Critic

Data Analysis efforts: _____

5. Total annual number of projects requiring Critical Data Analysis

efforts:______ ___

6. Fraction of Critical Data Analysis efforts which are actually so

* ~~~~designated in contractual documents: ___________

7. Fraction of Critical Data Analysis efforts which are substantially

documented in final reports submitted to the responsible funding

agency:

8. Fraction of documented Critical Data Analysis efforts which reach

the open literature: ___________

9. Fraction of Critical Data Analysis efforts which are submitted to

established Data Centers: ___________
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APPENDIX D
FEDERAL R&D INVOLVEMENT BY AGENCY

1. National Aeronautics and Space Administration (NASA Five-Year
Planning Through 1982) Focused Activities

la. AERONAUTICS Fuel economy and operating efficiency of

conventional subsonic transport aircraft.
Provide engines with significantly con-
formed efficiency, advanced aerodynamic
design, improved control systems, in-
creased use of light-weight composite
materials, VTOL and STOL programs co-
ordinated with DOD helicopter program to
reduce noise and vibration.

lb. EXPLORATION Formation and evaluation of the solar
OF THE system, origin and continuing evolution
UNIVERSE of the cosmic environment. Processes

by which energy is generated in the
solar interior and is transformed into
solar phenomena. Short- and long-term
impact of solar processes on man's
environment. Benefits of spaceflight
to terrestrial medicine and biology.

ic. FORMATION AND Continuing study of the inner planets
EVOLUTION OF and the moon. Chafzcteristics of Venu-
THE SOLAR sian atmosphere, gravitational harmonics,
SYSTEM topography. Global mapping of the moon:

compositional, gravitational magnetic,
and heat-flow characteristics. Develop-
ment of the concept of solar sailing.
Jupiter-orbit probe to study pressure,
temperature, density, and first-order
composition of Jupiter atmosphere.
Similar probes to Saturn and Uranus.

id. COSMIC Development of 2.4-meter space telescope
ENVIRONMENT for quantitative investigation of quasars

and individual stars in nearby qalaxies.

Observations in infrared, ultraviolet,

52
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and visible regions of the spectrum will
be made to determine constitution, physi-
cal characteristics, and dynamics of
celestial bodies and the nature of proces-
ses that occur in the extreme conditions

existing in stellar objects.

le. SOLAR To study and understand the physics of
TERRESTRIAL the processes that generate energy in the

sun, transport it to earth, and couple it
with the terrestrial environment. Study

and understand the trigger mechanism and
other physical processes in solar flares.

* Study interaction between solar wind and
the earth's magnetosphere; study the
processes that couple the magnetosphere
with the ionosphere, atmosphere, and
plasmas in space. Role of those constitu-
ents in the chemistry and dynamics of the

lower atmosphere, beam plasma interactions,
structure of the magnetospheric electric

and magnetic fields, magnetosphere-
ionosphere circuit-generator characteris-
tics.

lf. LIFE Human well being and performance in
SCIENCES spaceflight. Study of life-controlling

mechanisms. Application of space tech-
nology and space environment to terres-
trial medical and biological problems.

Ig. GLOBAL Use of observations from space in combina-
INFORMATION tion with ground-based analytical tech-
SERVICES niques to provide accurate continuing

information concerning agricultural pro-
tection, environmental quality, natural

resources, weather forecasts, and climate
prediction. Includes sources classifica-
tion and effects of pollutants to our
water and atmosphere. Measurements of
stratospheric ozone will be carried out
with NOAA; measurement of radiation in
space.

lh. PERMANENT Development of space construction base
OCCUPANCY OF to provide for industrialization of
SPACE space: solar collectors, communication

antennas, and materials research.
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2. Department of Energy (National Plan for Energy Research)

2a. FOSSIL FUELS Coal: Direct utilization, new combustion
methods, fluidized beds, boiler efficiency,
stack gas technology, liquefaction, low
and high Btu gas, open-cycle gas turbines,
alkali metal vapor turbine, magnetohydro-
dynamics, in situ gasification, resource
assessment.

Oil and Gas: Enhanced recovery processes,
resource assessment.

Oil Shale: In situ combustion, gasifica-
tion, hydrogenation of shale oil, separa-

tion, distillation, resource assessment.

2b. SOLAR ENERGY Solar electric, solar thermal, photovoltaic,
wind energy, ocean thermal, advanced re-
search and technology for novel materials,
large-area silicon sheet production, heat
storage systems.

2c. BIOMASS The development, design, construction, and

operation of systems and processes for the
conversion of biological materials to
energy sources. The technology includes

such processes as the conversion of wood
or other plants to alcohol and the fermenta-
tion or decomposition of organic by-
product materials to produce methane or

other fuels.

2d. GEOTHERMAL The development, design, construction,

and operation of systems and components
to extract and convert the heat energy
contained in geological formations, hot
rocks, dry or wet steam, hot brines with
associated methane, and magma. Research
on scaling, corrosion, desalinization
(electrodialysis), exploration technology
(including seismic technology, down hole

instrumentation), environmental effects
of large-scale geothermal development,
control of geothermal wastes, stress cor-
rosion cracking, crevice corrosion, de-
velopment of materials with improved
resistance to scaling and corrosion.

2e. CONSERVATION Development, design, construction, and
operation of buildings to minimize enerqy
consumption, insulation, consumer appli-
ances, heating, cooling, and ventilating
systems. Advanced devices for converting



heat to ele(tri( it /, fuel el is, ti,iimionic
thermoelectric, jIbirl e h;'/stemc tit

employ workinq fluid!; other than steam.

Design and constiu<'tion of ele_.ctrical
transport systems using extra-hiali-voltage,
ac-dc underground and cryogenic y:'tcms.
Design and construction of e]ectrical
propulsion of vehicles, ac-dc conversion
equipment. Hydrogen enrichment of natural
gas, battery research, electric utility
load levelinc (compr(essed air storaqe,
underground pumped ihvdroelectric and
thermal energy storage.) Industrial unit
operation-combustion efficiencies, stack
heat loss, detailed analyses for heat
balances. Transportation energy conserva-
tion-engine design and operation, vehicle
design to limit drag. Energy conversion
systems, steam Rankine cycles, closed
Brayton gas turbine, ultra-high-temperature

conversion machines (materials research).

2f. FUSION POWER Magnetic fusion-magnetic mirror system,
ORMAK, TOKAMAK, and the ALCATOR; applied
plasma physics research; completion of

toroidal plasma device. Laser fusion,
theoretical research and modeling, devel-
opment of diagnostic instrumentation
multiple-beam ion pulses.

2g. FISSION POWER Liquid metal fast breeder reactors: core
damage, accident containment, attenuation
of radiological products, advanced field
research to develop fuels with low creep
and swelling, advanced carbide and nitride
fuels to develop higher breeder gains.

Water-cooled breeder: develop capability

of breeding in pressurized water, study
physics, thermal, and fuel performances,
use of thorium cycle, establish thorium
and fuel recycle capability.

Gas-cooled reactor: development of hieh-
temperature and very-high-temperature
gas-cooled reactors, development of
large-scale heat exchangers, turbomachinery
and valves, safety and environmental
studies.

Light-water reactors: hydrologic impact
of thermal and radionuclide release,
effect of release of atmospheric heat,
improved safety systems, fuel recyclinq.

f
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2h. BIOMEDICAL AND Develop rapid biuloqicai and biochemical
ENVIRONMENTAL automated cytochemical screening tech-
RESEARCH niques, study potential genetic and de-

velopmental effects of energy production
by studies of mutageneses and teratogeneses.
Assess impact of surface coal and uranium
mines, offshore oil, and gas development,
oil toxicity, effects of fossil-fuel
combustion products.

2i. BASIC ENERGY Materials sciences: electronic, magnetic,
SCIENCES optical, and thermal properties of pure

materials and alloys; surface phenomena;
phase transformations; stability, materi-
als interactions; defects; diffusion and
radiation effects; thermodynamics and
electrochemistry; low-temperature research;
superconductivity; mechanical properties.

Nuclear sciences: research relative to
fusion and fusion reactors, waste manage-
ment, safeguard:;, weapons, biomedical and
environmental problems. Properties,
structure, and interaction of nuclear mat-
ter, theoretical nuclear research, rare
elements, enriched isotopes, develop ba-

sic chemical , phv'ical , and nuclear data
for actinide e] enent wastu disposal.

Fundarrnt.iJ nu!eZii ?tsf,,rch (hiqh and
low ene.rqy) : sujpur IJILAC/Bevalac facility,
Holifield heavy-x)ur facility, Anderson

Meson Physics .acilitv, Bates linac high-
resolution sqpectrometer, accelerator
desiqn and development.

2j. MOLECULAR, Develop basic understanding in molecular,

MATHEMATICAL, AND ionic, atomic processes pertinent to all
GEOSCIENCES energy development programs. Chemical

structure reaction mechanisms, catalysis.
Support engineering sciences programs to
improve technology transfer, laboratory-
scale demonstration of new energy-related
technologies.

3. National Institutes of Health (Forward Plan 1978-1982)

3a. AGING Studies on basic aging process with em-
phasis on biological phenomena and age-
related disease; cellular, biochemical,
nutritional, immunological, physiological
processes; metabolism of therapeutic
drugs; pathology.
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3b. ALLERGY AND Immune system, infections, vaccines,
INFECTION antibiotics, diagnostic methodology,

chemotherapy, nucleic acid ret ombinants.

3c. METABOLISM AND Mechanism of action of insulin, enducri-
DIGESTIVE nology, intermediate metabolites. R-ole
DISEASES of minerals, trace elements, vitamin--,,

protein, amino acids, fats, fatty acids,
carbohydrates in normal and disordered
states. Basic mechanism of kidney func-
tion, renal dialysis technology, anemia,
blood-clotting mechanism, hemophilia.
Development of automated blood glucose
co-trol devices. Basic nutrition studies,
radioassay of metabolites, use of high-
pressure liquid chromatography, mass
spectra.

3d. DENTAL RESEARCH Chemical action involved in dental caries,

antiplague agents, lagcue enzy.,mes.
Fluoride biochemistty and phy.sieloay.

Materials research, development of less
corrodible amaly ,ms, tooth implants,
dental prosthetic_-

3e. ENVIRONMENTAL MechaniLsm of ta)xi, ity of niomna

HEALTH aqf~nts , 'ibsorpt i _n ech~lni sins. 1(1(1nt itly

of t oxi c acwtt , it riti fi cat ion and dau-
tIrMi T1.1t in I t III t ' (, I o h ti Ai i It

Wteor, P'1-(], ind ,l; t l - i oi,)s

5,ia Xit ti~ vi !j

3f. DISEASES OF Chf mist 1%, illa. ] Ilm( Iat , I *
THE EYE act iv, i t ,' 4 Zi t * t'''

lasu'r 1v tli

3g. MEDICAL C)Il',sz ft 1 A I J ta"t I I

SCIENCES and orqanir cliami ai t1tic tit

cell structuri an~i to t ala(l a'

and charactr izat iOn (If It It I 'I

port across membrati( a, ioen m.
structural re I t jtin ij )I
biological activity, it a

drug metabolism.

3h. NEUROLOGICAL Development of pro.-tiietic A(-,-
AND COMMUNICATIVE deaf, blind, paralyzked. J't-tL
DISORDERS and noise on heari tig, notrconi p ,i:at

lipid metabolism, chemical rtti.a

neuromal. membranes,-, molecular hdi
of nervous system.

3i. RESEARCH RESOURCES Use of digital computation, mass spectros-
copy, nuclear magnetic resotnance, elIectron
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microscopy, computer-based technical
information cunter for research support,
activation analysis.

3j. NATIONAL Development of information-transfer sys-
LIBRARY OF tems, use of satellites for information
MEDICINE communication, information storage and

retrieval, application of laser and
fiber optics to provide interference-
free large-band channels.

3k. HEART AND Chemical effects of interaction of blood
LUNG components with foreign materials, drug

metabolism, standardization of drugs,
separation and purification of blood com-
ponents, development of blcod substitutes.

Research on enzyme chemistry, rapid
estimation of enzyme concentrations.

31. CANCER Identity of cancer-causing chemicals,
4, methods of analysis, metabolism of toxic

aents, mathematical modeling of cancer
causes and treatment effects, nutrition
studies, use of ultrasonics, development
of antitumor agents, metabolism of anti-
tumor agents.

4. Department of Defense

AIR FORCE

4a. HUMAN RESOURCES Detection and identification of pollutants
AND and other chemicals, detection of electro-
LIFE SCIENCES magnetic radiation, develop precise in-

strumental methods of analysis (mam ;
spectroscopy, laser technoloqy), predic-
tion of environmental impact.

4b. MATERIALS (a) Structural materials: development of
high-temperature materials resistant to

corrosion, thermodynamically stable.
Fundamental research in mechanical pro-per-
ties of materials, phase-transformation
kinetics, metastability, relationship
between microstructure and physical proper-
ties, intermetallic compounds, development
of ceramics and glasses with improved
strength, creep resistance, thermal fatigue
and processability, titanium-aluminum al-
loys, joining nlenomena, surface behavior,
mechanism c brittle fracture, plastic

deformation, corrosion and stress corro-
sion, co'uposites and polymers, funda-
mentals of metalworking.
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(1) Lo'i roo c r' :ztAnt ma te-i iIs:
radiation-rt, i tant maiter als, earosion and

cot ro::ion i- 1rc, oxidation mechanisms,

tadi at ioni uanm1- n-calim material

-Oat i nqs , ir-faa1reactions, diffu-

F t o :.~ mater ia 'a: develop-
f. flo ciis-, o of ]rj ers, optical

C. at ii4 rnat . irfrared detecting

is, ,.i i-oitct materials, magnetic
ho~I, ~uitei: new electronic materials

(oroanic mato-rials, with transition metal

Complexes), toi- on -semiconductor-
dielectric iit-fv-,superconducting
materials, aconci tic arnd o-ptical materials,
trii'oretical tuison electromagnetic
m'Iturial s.

(ci, F! u 1ds, Jul z; -ai nts, and containment
11a t0 1 ( l: cohoi and characterization
o)f ne2w elastom(i in.- iq it( rial s, additives
for iih-tn iauluIbri cants.

4Ic. tOEOPHYS ICS P ropaoiat Len of *.-I 1 0tz 1 arnnti (7ad at ion,
effec.t of sun radiition, iinterjjlane taiv

plasa, aqntec hzi cani ionosphi re and
their ilnterac tI im; 't (cal- inf rared
spectroscopy and snr:,atmospheric
absorpt-ion and scat toriiiq, theoretical

s;tudios ;, noneq ci Iit r iur radIioactivye
I n1(rnena:1, , I1 1~ -s. ;ray ity measurements,

noil( t0 r-. not onrs in earth's crust, seis-

moP:')( (i I andi 0010:! c-alI studies .

4d. ENVIRONMENT th:- ii~ -i: mi-al properties of the
oiiper -itmoslIllk r e, atmospheric composition

anrd :) i-mist rv, upper-atmosphere predic-
tions;.

4e. AEROSPACE Structures and structure dynamics, atero-
VEHICLES dynamic turbu Ient boundary-layer f1-I(-

aerophysics, aerodynamic noise, mi!;oi 1,
dynamics, heat transfer, trunk flutt,

mathematical modeling of systems 1.-: i:,i.

4f. PROPULSION Rocket propulsion, solid propel lant:
amine propellants, combustion kinetic,.-
and mechanics, thermophysical proji.-i f i.
and rocket systems, plasma propuls;i i,

fluid mechanics, fuels, pollutants, ,ri-
sion and control noise, lubrication.

Batteries, solar cells, MHD power i nIi
tors, MHD lasers.



4q. WEAPONRY Nuclear-weapons: c-ffect:, chemical effects
in lower atmosphere, chfemical eff+cts in
upper atmosphere, thermal radiation effects,

shock waves, electromagnetic pulses, ra-

diation effects in detector materials and
satellites. Conventional weapons, subsonic
and unsteady aerodynamics, missile guidance

and control, materials. Electromagnetic
weapons, gas-dynamic lasers, electric

discharge lasers, chemical lasers, charged-

particle beams.

4h. ELECTRONICS Image senscrs, anterna dersign and struc-

tures, radar Iesiqn an detection, micro-
wave lrolugati91, at a dIt ctCo, no lear

magnetic reso''narce( g:c~sai; , gecu 's,

ring lasers, surface tc-wakc modu

lation ann i(trct ti ti e tariii ,
N,(o ''. rn , n a ti a t- > t ~ t:l ' f :ait: 1'-

format ion , Siartw "'
magre tic-wv j . 'tri' -, tq;:,v,,, rm o

wave t uL- , -1, '' , '. -

c i r c u l t . , !, , l

alitt l t -) I -IA i t :, , i( a t-

I -I l ~ il ,Ik i t l , j : . 1 , la t d'':1 " ]a < .

Automat t 4>2 It , it , .1 'it'

ATR'I MO IL T A( rf {"ivi .ami, n , -< i i  t,, iv-.+ '

I i ' !, t ,I I. ' l t : . U I ' .1 1 3 'iil it"

Ii . BALLISIcshc" v' I '',11' 1 A 1, 1, . , I ies

, taryw.,g 5 i , a cli, t ', i',

li n ' t i ''Vt'. " I'i'. l ] (i- s,

.1 I . A JR M)B IlfTY A< rtxiv!namt~ 1 h :~n :: ..>;:. i'.ll j t d -

nlami( ]c I( dS Of I' 'ti> , I<t I t]ii' y l I/

it'll, stali, cut m ti A 1:;~r 1 i i tt ,

rotary-wing dyti nim t tit I i I -l~ iq-

torsion stahility of t t I ,
1

t

Structural anti ,rd (t'nami ,tiI I h

~~a1
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on gears, bearings, seals, lubrication,
powder metallurgy, composite materials.

4k. MUNITIONS Combustion, ignition, detonation of explo-
sives, propellants, pyrotechnics. Ultra-
high-pressure physics. Energetic material
storage. Reaction mechanisms, coatings,
adhesion, ultra-high-purity alkali halides,
fracture mechanics, superconductivity,
structural analysis. Synthesis of ex-
plosives, detection and analysis of explo-
sive materials in liquid and solid media,
effects of heating rate on pyrolysis of
explosives, role of free radicals in
modifying initiation thresholds, fuel-
air explosive detonation studies.

41. BASIC SCIENCES Atmospheric sensing and probing, cloud
AND and aerosol physics, biodegradation of
ENGINEERING materials, chemical and biological wea-

pons defense, chemistry of surfaces and
interfacus, atmospheric chemistry,
electronic materials, antennas and de-
tection of radiation, signal processing,
man-machint interfacing. Applied
mathematical analysis for heat-transfer
studies, statistical techniques for field
data, operations research. Solid mechanics,
fluid mechanics, engines and fuels. Ceram-
ics, polymeric and metallic materials,

fundamental physics research. Nonlinear
chemical reactions.

4m. COMMUNICATIONS Physical electronics, electron devices,
AND antennas and electromagnetic detection,
ELECTRONICS circuits, nctworks, signal processing,

information processing. Surfaces and
interfaces in solid-state electronics,
high-power pulsed radar, computer-aided
design of hybrid integrated circuits,
process modeling and simulation.

4n. MATERIALS Research in coriosion, oxidation, radia-
tion, decomposition. Effects of struc-
ture, defects, and composition on physical
and chemical properties. Chemical compo-
sition and microstructure of special al-
loy steels. New synthetic methods. New
concepts in testing and analysis of ma-
terials (optical probing to detect
fatigue, magnetic-field interactions).

4p. MATHEMATICS Applied analysis, numerical analysis,
operations research, statistics and
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probability, computer science as applied
to aerodynamics, heat transfer, structural

analysis, communication, chemical kinetics
and combustion, guidance and control mis-
siles.

4q. MECHANICS Solid mechanics, fatigue and fracture,
AND shock, vibration, wave propagation, sur-
AERONAUTICS face mechanics, composites, shock loads,

noise source and abatement, lubrication,
friction, wear. Fluid mechanics, aero-
dynamics, aeroacoustics, ballistics, mis-
sile aerodynamics, rotor-generated noise.
Fuel conservation, propellants.

4r. PHYSICS Laser research, crystal growing, miniaturi-
zation of laser range finders, rare-earth
lasers, frequency conversion, thermal
imaging. Precisiur: navigation, electric
discharge phenomena, structure of solids,

4 crystal defects, ulectronic and nor.-

electronic transport propert -, .;arface
and interface phenomena, di(l,('tr ic

properties of materials, photoetric and

optoelectronic devices arid system.. Hybrid
and monolithic charge-coupled imaqers, un-
coated thermal imaging concepts, photo-
cathode materials, III-V charu -coul led
devices, py electric vidicons.

4s. CHEMISTRY Polymer chemistry, high-enero' mat. ials,
photochemistry, chemiluminoci a(,
ing and detection of chemical agient-;.

Photodegradation, atmospheric hmi:-;t .

Aerosols, microemulsions, chrn:,:jl ]i e.a,
electrochemical eli gy con(rlra Xe!

5. Department of Defense

ARPA

5a. MATERIALS .o] d bru,;;, , f,,r -11Icti,)n of :li rit in

hiqh-power . t yI, j;o.eirt!ted magnet elec-

trhial machin,::, t] l s di difi ed po,)w-

ders, !;sup,.ril ly: n turbin( hlaies, and
aircraft -,tri,, tUlt', ultra-hiqh-struigth

high-carbon ,;;t a,1.a, w( ar theory and monitor-
ing analys.i:;, metal matrix composites.
Advanced opt ical ceramics for all-weather,

high-Mach, multimode, electromagnetic

windows. Corrosion-resistant coatings
using laser processing, infrared laser

windows, low-heat-loss nozzles. Photo-
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cathodes, pyroelectric and ferroelectric
materials for acoustic transducers and
uncooled thermal imagers, silicon infra-
red detectors, integrated-circuit design
and processing, large-scale integrated
circuits, III-V compound semiconductors.

5b. CYBERNETICS Learning strategies, self-assessment,
transformation of written material to
visual images, skill acquisition using
neural man-made links, automated group
decisions, spatial information storage

n and retrieval system, ultra-rapid prose!
picture presentation, aids to reasoning,
problem solving, heuristic modeling,
motor skills.

5c. COMPUTER Automated cartography, intelligent infor-
AND mation processing, automated Morse code
COMMUNICATION operator, complex laser operations, in-
SCIENCE formation overload systems. Development

of memory bits in the 101 5-1017 range,
archival memory technology, interdependent

network systems, user support systems,
distributed file structures, intelligent
data base systems, advanced terminals,
advanced network systems. Basic machine
intelligence, applied machine intelligence,
natural language research, advanced digital
structures, real-time symbolic processing.

5d. GEOPHYSICS Tunnel (voids) locating using passive and
active sensing techniques (electromagnetic,
acoustic, gravity) using airborne, surface,

and subsurface methods. Stress-wave propa-

gation, plastic yield effects, planar and
curved shock fronts, effects of pre-existing
stress fields, heterogeneous materials with
nonplanar boundaries, anisotropy, free sur-
face effects, interaction of nonlinear shock

waves, cracks and faults in materials.

6. Department of Defense

NA VY

6a. NUCLEAR PHYSICS Radiation damage, detection, shielding,

solar and cosmic rays, helium embrittle-
ment and cieep, dosimnetry, radiation damage
to satellites and other communications sys-
tems, magnetic detection systems. De-
velopment of alloys for high-temperature

high-flux nuclear reactors, nuclear
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activation tech.iques for improving photo-
graphic images. Ion implantation techniques,
use of electron beams for curing adhesives
and composites. Charged-particle beams
and beam propagation.

6b. GENERAL PHYSICS Basic research on electronic, magnetic,

optical, structural, and thermal proper-
ties of materials. Surface and interface
physics, crystal defects, high-electric-
field carrier transport. Atomic and
molecular properties relevant to communica-
tions, lasers, chemical lasers, chemical
synthesis, directed energy systems. Laser
stability, high-power blue-green lasers,
optical properties of the atmosphere,
molecular collisions in intense optical
fields, nonlinear optical effects, inte-
grated optical microcircuits, relatavistic
electron-beam propagation. Physical
acoustics, behavior of sound in nonlinear
media, nondestructive identification of
microscopic stresses and failure mechanisms
in solids, interaction of acoustic waves
with submerged ob3xts. Interaction of
ions, electrons, atoms, molecules, photons
in ionosphere blackout; MHD; gigawatt micro-
wave sources; commuic, tion enhancement;
gaseous discharle d(vic(s; laser systems;
lightning breakdown. Siperconductivity,
superconductinq liunctjone and arrays, logic
switching, information t;orage, multi-
filament superconductin; wires.

6c. CHEMISTRY Kinetics of chemical lasers, interfaces

and surfaces, analysis of surfaces, ESR

and NMR techniques, adhesion, lubrication,
determination of trace metals in seawater,
engine oils, other fluids, synthesis of
environmentally stable polymeric materials,
caborane, siloxane, and phosphazene
elastomers, coatings, fluoroepoxies, poly-
mers of useful electrical and pryoelec-

trical properties. Fuel cells, batteries,
catalysis, electrochemical reactions.
Inorganic polymers, ceramics, composites,
piezoelectric materials.

6d. MATHEMATICAL Mathematical research leadinq to acqui-
SCIENCES sition and analysis of data, analyses of

fluid flow in ship and missile design.
Communication systems, structural analysis,



information processing, storaqe, and re-
trieval. Computing and informati-r pro-
cessing systems and devices. Numerical

analysis, statistical modeling and analysis,
digital computer simulation, applied
mathematics and control theory, logistics,

operations research.

6e. ELECTRONICS Electromagnetic-wave propagation and
radiation, reflection, refraction, scat-
tering; antenna theory and radar target
detection. Physical electronics, elec-
tronic materials, semiconductors, other
electronic materials, surfaces, and in-
terfaces. Electronic components, micro-
wave- and millimeter-wave devices, ion

implantation, defects and radiation ef-
fects in solids, integrated circuits, sig-

* nal sources, radiation detectors, circuit
and control theory, network analysis,
linear and nonlinear system theory, dis-

tributed processing, signal coding, sig-
nal processing, and fault analysis.

6f. MATERIALS Metals and alloys, laser surface treatment,

amorphous metals, permanent magnets, bubble
memory, laser welding of titanium alloys,

fiber reinforcement for high-temperature
composite materials, sustained load cio k-
ing in titanium alloys, niobium-titanirii

superconductor, fatigue, fracture and
environmental effets. Effects of
nucleators for grain growth, supe-ai]ex< ,
hybxid composites. Corrosion, environ-
mentally assessed fracture of hiufh-strngth
alloys, hydrogen embrittlement, stress
corrosion resistance, hydrogen-metal
reactions, corrosion fatigue-failuit
mechanisms, cathodic protection, corrosion
behavior of amorphous alloys. Cerami cs,
seal materials, nozzles, sonar ceramics,
vapor-phase processing of ceramics, new
composite concepts for ceramics, role of

surfaces in duqradation of opticoil proper-
tie ; of in.u1,a tors. Radiation rtesistant
materials.

6g. MECHANICS Hydrodynamic!,, nmehrical computation of
free surface flows, boundary-layer

heating, drag reduction, interaction of
internal waves and free surface, qas-
lubricated bearings, extreme motions of
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h i ls, oun r rotat ny p o t I I. . A o

dynamics, aircraft and missi 1, conil iur d-

tioiis, e~ffeo_,t of body tempetrature on
boundary-layer tr~-isition at sproi
sp(eds, calcul itinn of compress ibi'-
bcundary-I ayt-r § mini-mur) waeraq

coxifigurat 1o!.:s hi]( UT50111j ois
Structural mecriw , d stO W>o

from submerged ,!t ictir-:, .Ktr,(tural re-

sporse of sulbmar in, t highI-: ntunsi ty

t ime-dov-lendert -->shanica 1
IoaddIxcj. F") " ri .i t' i~i !o -orposites,
adhes ive- Joint . Irl 1 : Iitt le-
materials. ii iz1 ir t.ri ue for

determiningjii t i' on'd e~xt erna 1
stores3 flut .- A')! 1 r influence
of structut a i Ii i. ir it ies n acre-
elad-tic st-alj I it oii i l <-ur fares.

4 Gb~6. ENERGY MHD doeipn> ri ea h design and
CONVERSION cons-tructioni oto 2-;awatt (thermal)

experimenta I qgent i~t or. Tuirbine(L and
rocket engii socmi.t n afe storage

Of hig1h-CI0 no 0;I I.;.;r 1l0e ro eelants and
exploive>,:ombi i kinetics, turbine

and engineyri( &r tinsonic 'urbines,
electrical lis' i-,ow,_i lions: fy engines, wear
and lubricsati-, ztudli' for, onqine per-

formance.

6i. OCEANOGRAPHY Acoustic t e,, nv irionment,
ocean curr ci St!, -_i Ita( and mixed layer,
interna I wavi , . a f I oor , s;ediment re-

flectivity andi t-t( nti iiton. Remote
sensingj using sat l lit a nd i alar. Air-
borne magnuti_ inomal 1" 'etert ion. Water

pollution, foul is', corros;ion, disposal
of dredge, Sfo. ;.I1Sf. rovres .;a well1
weather for, cact i igj.

6j. TERRESTRIAL Geography, de-te-t ion of Sur fJL_ cukrrenjts,
SCIENCES nearshore and on-bottomp fe~atuirs induced

by sediment transport, dove I'p mas ter
prediction model of coastline, research
on over-the-horizon radlar, meteorological
satellites, wave statistics. Arctic re-
search, long-range2 arctic unvironmental
and acoustical forecasting, mass-energy
exchange between arctic basin and peripher-
al seas, ice-dynamics modeling, remote
sensing of magnetic field of arctic basin.
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6k. EARTH PHYSICS Nature andI distribution of earth's crust,

geothermal and earthquake prediction,
tidal prediction, environmental effects.
Ionospheric irregularities, effect of
D-region ionosphere nonlinearities on
radio communications, theoretical studies
of spread-F and field-aligned ionospheric
irregularities.

61. ATMOSPHERIC Lower atmosphere and marine boundary
SCIENCES layer, marine fog and aerosol distribu-

tion, effects on optical and electro-
magnetic transmission, cloud physics.
Upper atmosphere, ionospheric plasma
dynamics, solar control of the ionosphere
and atmosphere, measurement techniques
and instrumentation, remote sensing,
geometry and spectral content of solar
phenomena, solar flares.

6in. ASTRONOMY Celestial radio sources, precise astro-
AND nomical position reference systems,
ASTROPHYSICS radio interferometer techniques, determina-

tion of atmospheric: constituents, mea-

surement of space emissions, galactic
x-ray and gamma-ray measurement, analysis
of fluxes and energies of cosmic rays

(heavy particles), enhanced solar dis-
turbance predictive capability.

6n. BIOLOGICAL AND Physiology, diving effects, decompression,
MEDICAL gas mixtures, high-pressure neurological
SCIENCES effects, frozen blood components, motion

sickness, high-pressure deafness, oxygen
toxicity, effects of low-frequency and
middle-frequency electromagnetic fields
on various biomedical, biophysical, and
biochemical parameters. Biochemical
events of injury and healing. Marine
biological processes destructive to
wood and metal.

-* 7. Department of the Interior, Environmental Protection Agency, Depart-
ment of Transportation (Near Term)

7a. TOXIC Identification and characterization of
SUBSTANCES toxic substances (jeint with NIH).

Chemical determination in waters, air,
development of standards, chemical de-
composition rates in waste water, metabo-
lism, transport properties, agricultural
effects, ecological effects.
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7b. PESTICIDES Toxicity, chemical determination in
groundwater, water drainage systems, de-
composition rates and products in air and
water, ecological effects, biochemical
studies, storage, hydrologic research,
marine biology.

7c. AIR POLLUTION Chemistry of the atmosphere, chemical
reactions in troposphere and stratosphere,

identification and source of pollutants.
Toxicology, water solubility, diffusion
rates of pollutants, engine combustion
kinetics, fuels, photochemistry of all
chemical components in upper atmosphere,
heterogeneous reactions, development
of new and more sensitive techniques for
chemical reaction rate measurement, molecu-
lar spectroscopy, eddy diffusion models
with time-dependent coupled transport

4. and chemical kinetics, radiation and
thermal transfer mechanisms.

7d. WATER Systematic study of water compositions,
POLLUTION contaminents, aqueous oxidation-reduction,

sources of contaminants, waste-water
treatment, mine effluents, sewage disposal
and treatment, vapor-pressure data,
volatilization rates, reaction rates in
water and saline water. Agricultural
wastes, hydrology, marine life, ground-
water contamination.

7e. WATER Geological sirvey, digital cartography,
RESOURCE hydrologic studies of nuclear landfill

disposal, hydroloqic research, coal re-
source development, water juality, mine
waste runoff, earth-science studies,

remote-sensed satellite data, remote-
sensed imagery data, dc 7alinization,
demineralization.

7f. HAZARDOUS Identification of hazardous materials,
MATERIALS thermodynamic stability, volatilization

data, vapor pressures, photochemical
reaction rates, pipeline transport-
hydrogen stress-corrosion cracking,
hydrogen enbrittlement, fatigue, cor-
rosion.

7g. MINING Geological data, research on process
AND metallurgy, analysis for trace elements,
METALLURGY metallurgical process waste disposal,

chemical reaction rates, energy con-
servation in metallurgical processes.
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Stack gas desulfurization, recovery of
minerals from wastes, deep sea bed minerals,
oil shale mining.

7h. TRANSPORTATION Fuel efficiency, emission control, climatic

impact of stratosphere flight, noise abate-
ment, fire safety, development of quality-
control procedures, remote measurement of
ice characteristics, remote sensing and
detection of oil spills, marine environ-
ment, waste-water treatment, solid-waste
disposal. Satellite navigation aids and
detection systems, communications, com-
puter design. Effects of seismic and
wind motions on bridges, tunnels. Soil
mechanics, environmental effects on
soils, remote-sensing techniques, automated
signal equipment, advanced propulsion
systems, regenerative braking, automated

traffic control.

-" .... i ' ..... .. ..... . i


